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ABSTRACT 
 
The objectives of these experiments was to evaluate super-dosing phytase as a 
way to enhance growth performance of growing pigs and to understand the mechanism 
behind the performance improvement. One experiment used 440 pigs (6.27 ± 0.01 kg) in 
a 2 × 2 factorial treatment design comparing the main effects of diet (NRC derived 
positive control [PC] versus a negative control: 10% lower SID lysine and 1% reduced fat 
[NC]) and phytase levels (0 vs 2,500 FTU phytase). Phytase improved ADG and G:F (P 
< 0.05). Experiment 2 was conducted on 2,200 growing pigs (36.6 ± 0.3) allotted to 5 
treatments: a balanced PC (250 FTU phytase/kg), a NC (15% less SID lysine and 1.5% 
lower NE), and 3 SD treatments applied to the NC for a total of 1,000, 1,750, and 2,500 
FTU phytase/kg. Phytase improved carcass feed and energy efficiency (P < 0.05). The 3 
remaining experiments used 32 gilts fitted with t-cannulae at the terminal ileum (39.7 ± 
0.3 kg, 60.5 ± 0.5 kg, and 82.5 ± 0.7 kg, for Exp. 3, 4 and 5, respectively) allotted to 4 
treatments: a corn-soy control diet containing 250 FTU phytase/kg, and 3 SD treatments 
with phytase added to 1,000, 1,750, and 2,500 FTU phytase/kg, respectively. Chromic 
oxide was added at 0.4% as a marker. In Exp. 3, SD increased the apparent ileal 
digestibility (AID) of ether extract and dry matter (DM), decreased the apparent total 
tract digestibility (ATTD) of phosphorus and decreased calcium excretion (P < 0.05). In 
Exp. 4, SD increased the ATTD of nitrogen and DM, and decreased calcium excretion (P 
< 0.05). In Exp. 5, SD increased the AID of DM, GE, and starch, and decreased the 
! xi!!
ATTD of phosphorus and calcium, and decreased calcium excretion (P < 0.05). Super-
dosing phytase decreased the concentration of phytate and inositol-5-phosphate, and 
increased the concentration of lower inositol derivatives and myo-inositol in Exp. 3, 4, 
and 5 (P < 0.05). Therefore, the growth improvements observed with SD are unlikely a 
result of improved nutrient or energy digestibility, but may be related to phytate 
degradation and increased myo-inositol availability. 
!!
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CHAPTER I 1!
LITERATURE REVIEW 2!
 3!
Introduction 4!
 The goal of pork production is to maximize feed efficiency in order to achieve the 5!
highest possible net income. Feed ingredients are the greatest expense in pork production 6!
(Hollis and Curtis, 2001); thus minimizing their cost while still meeting nutrient 7!
requirements continues to be a focus. One of the most expensive nutrients is phosphorus 8!
(P), due to high demand and limited global availability. 9!
 Phosphorus has an atomic weight of 30.97 and is a monoisotope, always 10!
containing the same number of neutrons. Phosphorus contains 15 electrons, with a 11!
valence state of 5, and has an ionization energy state of ~10 eV, which is low among the 12!
periodic table elements. Ionization energy indicates how likely an element is to give up 13!
an electron from their outer valence shell, and ranges from ~25 eV (He) to ~4 eV (Cs) 14!
(Russo and Silver, 2011).   15!
 In mammals, P can be found in a number of different systemic molecules. This 16!
includes molecules involved with cellular metabolism and structure such as cellular 17!
energy molecules (i.e. adenosine triphosphate). Phosphorus is also present in 18!
phospholipids, which make up the main structural component of the lipid bilayer of 19!
cellular membranes, and is part of the hydrophilic backbone of deoxyribonucleic acid 20!
(DNA) and ribonucleic acid (RNA). Additionally, most P in the body is found in 21!
hydroxyapatite, which, in combination with Ca, H, and O, creates the mineral phase of 22!
bone. Phosphorus is also found as intracellular phosphate which is used as the main 23!
!!
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intracellular buffer, being a proton acceptor, and is vital in the maintenance of acid-base 24!
homeostasis through the collection of protons for excretion. 25!
 In plants, P is stored as phytate, which contains 6 phosphate molecules bound 26!
around a myo-inositol ring and is degraded through stepwise dephosphorylation by the 27!
enzyme phytase. The phytate in cereal grains presents a P digestibility challenge to pigs; 28!
they do not produce enough phytase endogenously to have an impact on the degradation 29!
of phytate (Pointillart et al., 1987). Additionally, phytate chelates with mineral cations, 30!
reducing their availability to the pig and potentially depressing performance (Schlemmer 31!
et al., 2001; González-Vega et al., 2015).  32!
  Understanding the relationship between P, phytate, and phytase is necessary to 33!
properly meet pig nutrient requirements in a cost effective manner. Therefore, the 34!
objectives of this review are: i) to characterize the influence that P has on pig 35!
performance; ii) to explain the impact that phytate has on P digestibility and pig 36!
performance; and iii) to describe phytase as a vehicle to improve P digestibility.  37!
 38!
Phosphorus 39!
 Phosphorus is an essential mineral in animal diets (Crenshaw, 2001). It is vital to 40!
the production of cellular energy, as a major component of ATP and its derivatives (i.e. 41!
ADP and AMP). In conjunction with calcium (Ca), P forms the hydroxyapatite present in 42!
bone. Phosphorus is involved with different signaling molecules (i.e. cAMP, cGMP, etc.) 43!
that participate in regulating various cell functions. Finally, P is a major structural 44!
component of DNA, RNA, and phospholipids (Nelson and Cox, 2013) and also plays an 45!
important role in acid-base homeostasis (Patience, 1990).  46!
!!
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Cellular energy 47!
 Phosphate bonds with adenosine creating adenosine triphosphate (ATP), the main 48!
cellular energy currency in mammals. The phosphate bonds are “high energy” phosphate 49!
bonds, resulting from only 1 of the phosphate molecules being directly bound to the 50!
adenosine molecule. The remaining 2 phosphate molecules create a chain from the first 51!
molecule, causing a buildup of electrostatic repulsion. Upon hydrolysis of the phosphate 52!
bond, a large amount of free energy is released and used to power different cellular 53!
functions (Nelson and Cox, 2013), including active transport systems (i.e. Na+ - K+ 54!
ATPase pump) and different metabolic signaling reactions (i.e. creation of cAMP which 55!
activates protein kinase A). The inorganic P released is stabilized by forming different 56!
resonance structures that were not possible while bound to ATP (Nelson and Cox, 2013).  57!
Bone formation 58!
 Skeletal tissue contains 60-80% of the total P in the pig body; the exact 59!
percentage of P in skeletal tissue is dependent upon the stage of growth the pig is in, and 60!
the concentrations of dietary calcium (Ca) and available dietary P (NRC, 2012). Calcium 61!
combines with P in skeletal tissue at a ratio of 2.2:1 to form hydroxyapatite, a Ca – 62!
phosphate mineral salt making up the natural mineral phase of bone (Shu et al., 2003). 63!
Therefore, bone formation is dependent on the availability of both minerals 64!
simultaneously and in the correct proportions. When the Ca requirement is met, bone 65!
formation will eventually reach a plateau with increasing levels of dietary P (Maxson and 66!
Mahan, 1983; Létourneau-Montminy et al., 2012). Bone tissue is continuously deposited 67!
by osteoblasts and resorbed by osteoclasts to maintain serum and soft tissue Ca and P 68!
levels (Gonzalez-Vega and Stein, 2014). This bone turnover and whole body Ca and P 69!
!!
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homeostasis is regulated by parathyroid hormone (PTH) produced by the parathyroid 70!
gland, calcitonin produced by the thyroid gland, and 1,25-(OH)2D, an activated form of 71!
vitamin D secreted from the kidney. Phosphorus is also regulated by phosphatonins 72!
unrelated to Ca levels, with fibroblast growth factor 23 (FGF23) being the most involved 73!
with P homeostasis (O’Brien et al., 2014). The continuous movement of Ca and P in and 74!
out of bone helps to maintain homeostasis of both minerals and thus maintain related 75!
cellular processes, such as energy metabolism or signal transduction, (Brautbar et al., 76!
1979; Ekpe et al., 2002; Gutierrez et al., 2015). In a diet limiting in Ca or P, bone strength 77!
will gradually decrease as these minerals are removed from bone demonstrating the 78!
importance of maintaining adequate Ca and P levels in the diet (Crenshaw, 2001). 79!
DNA, RNA, and phospholipid structure 80!
 Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) enable information 81!
flow within a cell. DNA provides the genetic code for different proteins that facilitate cell 82!
function (i.e. signal transduction, reaction catalysts, etc.); one of the roles of  RNA is to 83!
translate the DNA to produce these proteins. Protein production can be up regulated and 84!
down regulated relative to cellular environment. A phosphate molecule and a deoxyribose 85!
sugar build the hydrophilic backbone that covalently links the nucleotides providing the 86!
structure of DNA and RNA (Tymoczko et al., 2010; Nelson and Cox, 2013).  87!
 Phosphorus is also present in phospholipids, which assist in the emulsification of 88!
triacylglycerides through micelle formation and are secreted in bile (Jones and Rideout, 89!
2014). Phospholipids are also a major structural component of cellular membranes. 90!
Phosphate makes up the negative charge of the polar, hydrophilic head of the 91!
phospholipid. The phosphate-containing hydrophilic head is attached to a non-polar, 92!
!!
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hydrophobic tail. Hydrophilic heads and hydrophobic tails spontaneously align, with the 93!
heads facing the outer environment surrounding the cell, and the inner cellular cytosol, 94!
with the hydrophobic tails in the center. This creates the lipid bilayer that contains the 95!
different transporters, receptors, and other proteins and molecules that enable signal 96!
reception and transmission, and molecular transport into and out of the cell (Nelson and 97!
Cox, 2013). The phosphate-containing heads provide an anchor to the different 98!
membrane components to give them stability within the membrane. Additionally, the 99!
lipid bi-layer holds the cell together, keeping all of the cellular components inside the 100!
cell, and foreign bodies out of the cell.  101!
 102!
Phosphorus in swine nutrition 103!
Digestion, absorption, and excretion 104!
 Phosphorus digestion depends on the concentration of available P, and the 105!
concentration of Ca (Létourneau-Montminy et al., 2012). When Ca requirements are met, 106!
over-supplementing P will cause an increase in fecal and urinary P excretion (Ekpe et al., 107!
2002; Gutierrez et al., 2015). However, a diet limiting in Ca also causes an increase in 108!
urinary P losses due to the inability to store the P until it is needed (Pointillart and 109!
Fontaine, 1983).  110!
 Phosphorus absorption occurs primarily in the jejunum, with little absorption 111!
occurring elsewhere along the gastrointestinal tract (Crenshaw, 2001; Rutherford et al., 112!
2014). Transport of P involves both a saturable vitamin-D stimulated Na-cotransporter 113!
and a passive paracellular transport system (Breves and Shröder, 1991; Baker, 2011). 114!
Phosphorus is regulated more through renal action, rather than during uptake in the small 115!
!!
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intestine (Beaulieu et al., 2007; Gutierrez et al., 2015), although urinary P is generally 116!
less than 10% of the total P output (Lei et al., 1993; Ekpe et al., 2002). 117!
 Although endogenous secretions of P occur in the hindgut, leading to greater P 118!
excretion in the feces relative to urine, it may also be attributed to the presence of the P 119!
binding agent, phytate. Pigs are unable to break down phytate enzymatically; although, 120!
phytate can be degraded during hindgut fermentation (Rutherford et al., 2014). However, 121!
there are no known P transporters involved with the epithelial cells in the hindgut, and P 122!
released in the hindgut is thus excreted in the feces (Jongbloed, 1987; Baker, 2011). Pigs 123!
will excrete as much as 50-80% of P intake when fed standard commercial diets (i.e. corn 124!
and soybean meal, etc. without supplemental phytase) (Kornegay and Harper, 1997; 125!
Humer et al., 2014). In corn, 68% of the total P is bound in phytate; therefore, the 126!
majority of P excreted in the feces is a result of phytate-bound P passing into the large 127!
intestine and being excreted in the feces, with any additional P resulting primarily from 128!
endogenous losses (Eeckhout and Paepe, 1994). 129!
Interaction with Ca 130!
 Calcium and P are both required for proper bone formation, although their roles in 131!
soft tissue and cellular function are unrelated. However, the involvement in bone 132!
formation is substantial enough to impact the digestion and excretion of P, with 96% to 133!
99% of total Ca and 70 to 80% of total P being fixed in skeletal tissue as hydroxyapatite 134!
(Ca10[PO4]6[OH]2), calcium carbonate, and magnesium phosphate (Frandson et al., 2009; 135!
Létourneau-Montminy et al., 2012). Due to this relationship, Ca and P regulation is inter- 136!
related. Both are regulated by parathyroid hormone (PTH). A decrease in serum Ca 137!
causes an increase in PTH, stimulating renal α-1 hydroxylase and calcitriol, and 138!
!!
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increasing Ca and P absorption from the small intestine (Crenshaw, 2001). However, 139!
chronically high levels of PTH lower the renal phosphate threshold, leading to an 140!
inhibition of proximal tubular phosphate reabsorption, lowering circulating P levels 141!
(O’Brien et al., 2014). In instances of low P, hypercalciuria has been observed in growing 142!
pigs, regardless of dietary Ca content, due to the inability to store Ca as hydroxyapatite 143!
(Pointillart, et al., 1986; Fernández, 1995; Gutierrez et al., 2015). Increases in dietary Ca 144!
concentration also lower the digestibility of P, unrelated to dietary P concentration, 145!
leading to depressions in growth performance (Létourneau-Montminy et al., 2012; NRC, 146!
2012).  147!
 148!
Impact on pig performance and commercial production 149!
Requirements 150!
 Formulating P requirements based on digestible P rather than total P (Ekpe et al., 151!
2002) is an increasingly common practice to mitigate the negative impact of phytate-P on 152!
digestibility (NRC, 2012). Additionally, assessing P requirements based on ileal 153!
digestibility rather than total tract digestibility may provide further advantage; this is due 154!
to the small intestine being the location of P absorption and the phytate breakdown that 155!
occurs in the large intestine as a result of hindgut fermentation (Rutherford et al., 2014).  156!
 In P deficient diets, pigs will develop hypercalciuria, experience growth 157!
retardation, and decreased feed intake (Underwood and Suttle, 2001; Varley et al., 2010). 158!
Over-supplementing P does not cause negative physiological effects in pigs, as long as 159!
the Ca:P ratio is narrow; however it causes an increase in P excretion. This has negative 160!
!!
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environmental implications such as eutrophication of surface water, and is not financially 161!
responsible due to the high cost of P (Crenshaw, 2001; Ekpe et al., 2002; NRC, 2012).  162!
 Vipperman et al. (1974) noted a relationship between nitrogen retention and 163!
dietary P concentration: as dietary P decreased so did nitrogen retention. This relationship 164!
was further built upon by Carter et al. (1998) who demonstrated that pigs consuming 165!
porcine somatotrophin, which causes greater lean tissue deposition, will have P 166!
requirements above that of pigs with lower lean tissue deposition. Thus, P requirements 167!
appear to be impacted by lean tissue growth in addition to digestible Ca. This makes 168!
sense physiologically, since the ratio of bone to protein accretion is fairly constant 169!
(Hendricks and Moughan, 1993) and because increased lean growth will increase 170!
metabolic rate, which is generally linked to body protein mass (Campell, et al., 1988). 171!
 Digestible P requirements may also be higher for gilts than barrows, and gilts and 172!
boars may require a greater Ca:P ratio than barrows (Thomas and Kornegay, 1981; NRC 173!
2012). This may be the result of a relationship between the level of dietary P and lean 174!
tissue deposition, as boars and gilts have greater lean tissue deposition than barrows 175!
(Cline and Richert. 2001), or barrows may be more efficient at utilizing P, causing a 176!
lower requirement (Ekpe et al., 2002).  177!
 The NRC (2012) lists P requirements in terms of standardized total tract digestible 178!
(STTD) P, apparent total tract digestible (ATTD) P, and total P. The latter 2 are 179!
calculated based on the STTD P, and a typical corn-soybean meal diet. Therefore, STTD 180!
P may be more accurate when formulating diets containing ingredients different than 181!
those mentioned, and at different levels. The parameters used to calculate STTD P are: 182!
“max P retention in the body, as a function of changes in whole body protein mass; basal 183!
!!
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endogenous GIT P losses, as a function of feed dry matter intake; minimum urinary P 184!
losses, as a function of BW; marginal efficacy of using STTD P intake for P retention; 185!
and P requirements for maximum growth performance as a proportion of P requirements 186!
for maximum whole-body P retention.” Thus, STTD P takes into account differences in 187!
basal endogenous losses, in addition to stage of growth (Peterson and Stein, 2006).  188!
The NRC (2012) recommended total Ca requirement is based on STTD P using a 189!
set of fixed ratios as a result of the relationship between the 2 minerals in storage and 190!
bone formation. However, recent research has shown that there are endogenous losses of 191!
Ca from the gastrointestinal tract of pigs, and that these losses may differ among Ca 192!
sources (González-Vega et al., 2013). Thus, it may be increasingly relevant to consider 193!
the pig’s Ca requirement based on a STTD Ca basis, rather than a total Ca requirement, 194!
similar to the consideration given to P. In fact, the same lab that determined the 195!
endogenous losses of Ca in the pig did a follow up study considering the differences in 196!
ATTD and STTD in various Ca sources. It was reported that the ATTD and STTD 197!
differed relative to Ca source, and that formulating diets on the basis of STTD Ca may 198!
allow for more accurate diet formulation in pigs (González-Vega et al., 2015.) 199!
Pig performance and environmental impact 200!
 Providing adequate P is vital to maximizing pig performance; however it is 201!
important to note that a P level that maximizes growth does not necessarily maximize 202!
bone mineralization. This results from meeting soft tissue and cellular P requirements, 203!
followed by P storage through hydroxyapatite formation. Increasing dietary P from no P 204!
inclusion through to the P requirement necessary to achieve maximum bone formation 205!
reveals a curvilinear response in ADG, ADFI, GF, plasma P, and P and nitrogen 206!
!!
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retention, as long as the ratio with Ca is maintained (Bertram et al., 1994; Ekpe et al., 207!
2002; NRC, 2012). The curvilinear response is due to the pig steadily approaching 208!
maximum P usage, causing the initial increase in the growth and P parameters, but this 209!
increase eventually plateaus as no additional P can be deposited, and is consequently 210!
excreted. Increasing dietary P also causes increases in urinary and fecal P excretion (Ekpe 211!
et al., 2002; Gutierrez et al., 2015). Excess P has a negative environmental impact by 212!
causing eutrophication of surface water, through encouraging algal and aquatic plant 213!
growth (Smith et al., 1999). Therefore, formulating diets to meet but not exceed the P 214!
requirement and to maximize P digestibility to minimize the proportion of indigestible P 215!
that passes through the pig is an important goal when considering how to meet pig P 216!
requirements. 217!
 218!
Phytate 219!
 Myo-inositol-1,2,3,4,5,6-hexakisdihydrogenphosphate, or phytate, is a salt 220!
containing a derivative of the myo-inositol family of cyclitols derived from glucose and 6 221!
phosphate molecules (Loewus and Murthy, 2000; Raboy, 2003). Myo-inositol 1- 222!
phosphate is synthesized following catalysis of glucose-6-phosphate by inositol 1- 223!
phosphate synthetase. Myo-inositol 1-phosphate can then be dephosphorylated into free 224!
myo-inositol by inositol 1-phosphate phosphatase, or used to synthesize higher-level myo- 225!
inositols, which eventually creates phytate (Fig. 1.1, Bohnert et al., 1995). In plants, 226!
phytate is a storage form of P for use in cellular metabolic processes (i.e. the pentose 227!
phosphate pathway), and is a source of free myo-inositol (MI). Phytate often chelates 228!
different mineral cations such as Ca, Mg, K, Mn, or Zn creating a mineral-phytate 229!
!!
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complex, and is considered an ‘antinutrient’ to monogastrics as the chelated minerals are 230!
inaccessible for utilization (Plimmer, 1913; Selle et al., 2009; Joshi-Saha and Reddy, 231!
2015). Additionally, phytate may interact with nutrients separate from minerals, namely 232!
protein, starch, and lipids, causing them to be similarly inaccessible for digestion 233!
(Thompson and Yoon, 1984; Ravindran et al., 2000; Newkirk and Classen, 2001). 234!
 235!
Role in plants 236!
 Phytate exists in plants to store P and other mineral cations, and is used by 237!
developing seed embryos during germination to maintain P homeostasis (Strother ,1980), 238!
and serves as cation storage in mature seeds for different development processes, such as 239!
creating the globoids found within protein storage vacuoles (PSVs) (Raboy, 2003; Joshi- 240!
Saha and Reddy, 2015). These PSV globoids are used as storage forms of phytate- 241!
mineral complexes for retrieval as the seed develops relative to physiological and 242!
metabolic demands. Eckhout and De Paepe (1993) determined the total P, phytate, and 243!
phytase activity of 51 different feedstuffs through direct assay, and determined that total 244!
P content is directly related to phytate-P content, and that phytate-P was higher in cereal 245!
grains and wheat by-products than in oil seed meals. The difference in phytate-P levels 246!
between cereal grains and oilseed meals is likely a result of the processing that occurs 247!
when creating oil seed meals. Phytate is also a source of lower inositol phosphates (i.e. 248!
IP5, IP4, IP3, etc. ), and free MI (Lott et al., 2000). These products are involved in signal 249!
and energy transductions, including regulating cell stress responses, creating the plant 250!
cell wall as uronosyl and pentose units, and phosphoinositides in membrane biogenesis 251!
(Fig. 1.1, Bohnert et al., 1995; Loewus and Murthy, 2000; Eckardt, 2010).  252!
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 253!
Fig 1.1 Myo-inositol, Polyols, and their metabolism adapted from Bohnert et al. (1995) 254!
Inositol 1-phosphate synthetase (INO1); inositol 1-phosphate phosphatase (Ins-Pase); 255!
mannitol 1-phosphate dehydrogenase (MtlDH); aldose 6-phosphate reductase (StlDH); 256!
phytate (Ins-P6); phosphatidylinositol biphosphate (PIP2); inositol O-methyltransferase 257!
(IMT1); ononitol epimerase (OEP1). 258!
 259!
 260!
 261!
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Role in monogastric nutrition 262!
Effect of phytase 263!
 Phytate is hydrolyzed by phytase through step-wise dephosphorylation of the 264!
phosphate molecules, which are then absorbed through the epithelium of the small 265!
intestine. Poultry produce phytase endogenously, but there is poor substrate solubility in 266!
the lumen of the small intestine, possibly due to dietary Ca (Cowieson et al., 2011); Ca- 267!
phytate complexes are more stable in the less acidic pH of the small intestine, and thus 268!
less soluble for degradation (Selle et al., 2009).  269!
Plants produce phytase endogenously, but the amount of endogenous phytase 270!
varies across plant species (Eeckhout and De Paepe, 1994); however, endogenous plant 271!
phytase is of little interest to pig producers as it is typically inactivated by heat during 272!
pelleting (Jongbloed and Kemme, 1990), a common feed processing procedure used in 273!
the swine industry. Traditionally, then, inorganic P is added to pig diets to meet their P 274!
requirement. This is costly and the phytate-P inaccessible to the pig has environmental 275!
implications resulting from the excretion of excess P. 276!
Mineral-phytate complexes 277!
 Phytate chelates mineral cations (i.e. Ca2+), due to the negative charges associated 278!
with the 6 phosphate molecules (Selle et al., 2009). Mineral-phytate complex formation is 279!
influenced by environmental pH, with Ca-phytate complexes being insoluble above pH 5 280!
(Wise and Gilburt, 1981; Martin et al., 1986; Oberleas and Chan, 1997). However, 281!
Champagne (1987) found soluble Ca-phytates at pHs ranging between 2.4 and 5.9, 282!
indicating the potential for the complexes to maintain solubility in both highly acidic 283!
solutions, and solutions closer to neutral. Regardless, as the pH increases in the small 284!
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intestine with the addition of pancreatic alkaline secretions, mineral complexing is further 285!
encouraged (Schlemmer et al., 2009; Humer et al., 2014).  This leads to a decrease in Ca 286!
digestibility through complex formation as digesta moves into the small intestine (Graf, 287!
1983; Selle et al., 2009). 288!
Phytate and amino acid interactions 289!
 Phytate may also interact with proteins by binding positively charged amino acids 290!
(Biehl and Baker, 1997; Pallauf and Rimbach, 1997; Humer et al., 2014). Bohlke et al. 291!
(2005) studied the digestibility of amino acids in pigs fed a low-phytate corn and a 292!
standard corn diet, with corn as the only source of amino acids. It was reported that the 293!
digestibility of amino acids (Arg, Ile, Lys, Phe, Thr, Val, Asp, and Gly) was higher in 294!
low-phytate corn compared to the standard corn. The authors concluded that the 295!
difference in digestibility was a result of protein-phytate interactions. However, when 296!
soybean meal was included in the diets, no differences in the digestibility of amino acids 297!
were observed. As the authors suggest, the effects of phytate on protein may not be large 298!
enough to be of any significance when amino acids are properly balanced.  299!
 The possibility of phytate-protein interactions was confirmed in an in vitro study 300!
done by Kies et al. (2006), where the authors considered the possibility of phytate-protein 301!
interactions in 5 common feedstuffs and casein. The authors reported that in ratios of 302!
phytate and protein similar to that expected in a swine gastrointestinal tract, and at similar 303!
pH, protein and phytate formed insoluble complexes. The nature of this study presents a 304!
difficult in that it is generally accepted that an in vitro environment is not always a strong 305!
reflection of an in vivo environment. Nonetheless, coupled with the previously mentioned 306!
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study by Bohlke et al. (2005), it seems as though phytate-protein complexes are possible; 307!
however, they may be of little importance biologically. 308!
 Cowieson and Ravindran (2007) reported an increase in endogenous amino acid 309!
flow through the distal ileum of growing broilers in the presence of phytate. The authors 310!
attributed it to an increase in the secretion of endogenous enzymes, which lead to the de 311!
novo formation of protein-phytate complexes with the enzymes during digestion. This 312!
interaction between enzymes and phytate had been suggested in earlier studies as well 313!
(Desphande and Cheryan, 1984; Knuckles and Betschart, 1987; Cowieson et al., 2004), 314!
with trypsin and α-amylase being of greatest interest. In vitro studies have suggested that 315!
phytate binds trypsin at an acidic pH, and that phytate binds the Ca required for α- 316!
amylase activity (Deshpande and Cheryan, 1984; Deshpande and Damodaran, 1989). 317!
However, the inhibition may not have a negative impact on protein digestion due to other 318!
endopeptides compensating for the lack of trypsin activity, and thus may not be of 319!
practical relevance overall (Denstadli et al., 2006).  320!
 Possibly one of the challenges to understanding the impact of phytate on protein 321!
utilization is the result of experimental methodology. One of these differences accrues 322!
from the use of Na-phytate rather than naturally occurring phytate (i.e. Ca-phytate). 323!
Another may be the use of different classes of proteins (i.e. plant vs. animal proteins). 324!
Moreover, many studies have been conducted in conjunction with phytase inclusion 325!
(Mroz et al., 1994; Kemme et al., 1999); such studies tend to focus on the benefits of 326!
phytase rather than the impact of phytate. Additional research is needed to fully 327!
understand the effect of phytate on nutrient utilization. 328!
 329!
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Effect on energy 330!
Phytate may also impact starch and lipid digestion. In a study with humans 331!
(Thompson et al.,1987), phytate was removed from unleavened navy bean bread. An 332!
improvement in sugars released in vitro and an increase in glycemic index in vivo was 333!
observed, indicating that phytate removal may have had an effect on starch release and 334!
absorption. Although this study utilized legumes rather than cereal grains, and was very 335!
small in scale (n=6), it supports the contention that phytate may interact with starch.  336!
In addition to potentially impacting starch digestibility, Ravindran et al. (2000) 337!
observed an improvement in the apparent metabolizable energy in chickens and 338!
suggested that phytate mineral complexes may be creating soaps with lipids. This would 339!
decrease lipid digestion, and thus decrease energy digestibility. Lipid-mineral soap 340!
formation has been documented previously (Atteh and Leeson, 1983); however, research 341!
regarding phytate mineral complexes interacting with lipids is limited. It must also be 342!
recognized that in this experiment, the conclusion was drawn as a result of phytase 343!
inclusion, rather than directly observing phytate-soap formation.  344!
Additionally, an enhancement in energy digestibility may be a result of potential 345!
improvements in protein digestibility rather than that of starch or lipid (Humer et al., 346!
2014). However, increases in protein digestibility may not be sufficient to completely 347!
account for observations of improved energy utilization (Selle et al., 2009) and, as 348!
previously mentioned, the impact of phytate on protein digestibility is not well 349!
understood.  350!
 351!
 352!
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Phytase 353!
 Myo-inositol (1,2,3,4,5,6) hexakisphosphate phosphohydrolase, or phytase, 354!
catalyzes the hydrolysis of phytate into myo-inositol and free phosphate. Adding 355!
exogenous phytase is an effective way to economically meet but not exceed the P 356!
requirement of pigs.  357!
 358!
Types of phytases 359!
Endogenous phytases 360!
 As mentioned previously, plants produce phytase endogenously. Eekhout and De 361!
Paepe (1993) demonstrated that wheat and wheat by-products had relatively high 362!
endogenous phytase activity (2957 – 4601 units kg-1), and ground corn and corn by- 363!
products have minimal endogenous phytase activity (< 100 units kg-1), leading to little 364!
hydrolysis of phytate; likewise this phytase is of little interest due to the potential of 365!
being denatured in the heat of processing. Additionally, similar to poultry, there is 366!
endogenous phytase activity in the small intestine of the pig, but not in amounts sufficient 367!
to have an impact on phytate breakdown (Pointillart et al., 1987).   368!
Exogenous phytases 369!
  Exogenous phytases – phytases added to a diet – can be classified in 3 370!
ways: the carbon where phytate hydrolysis is initiated, the pH required for optimum 371!
phytase activity, or their origin (Kumar et al., 2010).  372!
Phytate hydrolysis is initiated at the phosphate located at the C3 or C6 carbon on 373!
the myo-inositol ring. Consequently, phytases may be classified as a 3-phytase or 6- 374!
phytase, respectively. For example, phytase isolated from Aspergillus niger, a fungus, is a 375!
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3-phytase, and phytase isolated from Escherichia coli and Peniophora lysii, both bacteria, 376!
are 6-phytases (Selle and Ravindran, 2007). Phytases are also identified according to their 377!
pH optimum, as either an acid phytase or an alkaline phytase. Acid phytases have an 378!
optimum pH around 5, with alkaline phytases having an optimum pH of 8 (Kumar et al., 379!
2010). The phytases used in monogastric diets are typically acid phytases, to ensure the 380!
enzyme does not denature in the gastric environment. Additionally, phytate is more 381!
susceptible to hydrolysis in an acidic environment as the phosphate bonds are less stable, 382!
making the stomach a desirable location for initiation of phytase activity (Campbell and 383!
Bedford, 1992). 384!
 Phytases can also be classified according to their origin (i.e. plant or microbial 385!
origin). Exogenous phytases included in monogastric diets are typically of microbial 386!
origin. This is due to plant derived phytases having decreased activity at pHs below 3.5, 387!
with all activity lost at pH 2.5, and are more susceptible to pepsin denaturation, possibly 388!
resulting from being less glycosylated than microbial phytases (Eckhout and De Paepe, 389!
1991; Phillippy, 1999).  390!
 Thermal stability is also an important attribute of exogenous phytases (Simon and 391!
Igbasan, 2002). High temperatures can denature or partially denature protein thus altering 392!
enzyme function (Nelson and Cox, 2013). This presents a challenge when pelleting, as 393!
temperatures can range from 60 and 90oC for short periods of time (seconds to minutes), 394!
depending on the pelleting system. To avoid denaturation, phytases can be applied in 395!
liquid form following pelleting, thus avoiding the high temperatures (Humer et al., 2014).  396!
Gene site saturation mutagenesis (GSSM) is a new technology that can improve 397!
temperature stability of phytase. Gene site saturation mutagenesis identifies different 398!
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gene mutations that have the potential to increase enzyme performance. Garrett et al. 399!
(2004) considered a phytase gene encoded in E. coli to determine if gene mutations could 400!
be used to improve temperature stability, while maintaining optimal pH activity. The 401!
authors were successful in creating a phytase with increased thermal tolerance, while 402!
maintaining gastric stability. The mutations allowed the enzyme to reversibly renature, 403!
and were found throughout the enzyme sequence, rather than occurring in one location. 404!
This may provide potential to produce more effective phytases in the future. 405!
 406!
Impact of phytase on monogastric nutrition 407!
Phosphorus and calcium 408!
 Phytase has led to improvements in P digestibility and growth performance when 409!
added to monogastric diets (Lei et al., 1994; Applegate et al., 2003; Gentile et al., 2003; 410!
Braña et al., 2006; Beaulieu et al., 2007; Létourneau-Montminy, 2012). Increased 411!
digestibility lowers P excretion, which is highly desirable environmentally. Furthermore, 412!
phytase is a cost effective option in lieu of supplementing diets with inorganic P (Selle et 413!
al., 2009). 414!
 Care must be taken to ensure that a narrow Ca:P ratio is maintained in the 415!
presence of phytase, due to the propensity of Ca to chelate with phytate. Phytase has a 416!
reduced efficiency in the presence of Ca-phytate complexes, especially during periods of 417!
high Ca concentration, due to Ca saturating the phytate molecule, increasing the complex 418!
stability, and making the phosphate bonds less accessible for hydrolysis (Angel et al., 419!
2002; Selle et al., 2009). Ideally, the ratio of Ca:P should be kept close to 2.2:1, similar to 420!
the ratio of Ca:P in bone (Crenshaw, 2001). However, as mentioned, it may be more 421!
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advantageous to consider the STTD Ca rather than total Ca as it relates to P, as it may be 422!
a more accurate representation of the pig’s true Ca:P requirement.  423!
 Additionally, the location of Ca-phytate complex formation may impact the 424!
efficacy of phytase. Calcium-phytate complexes form in the neutral pH of the small 425!
intestine rather than the acidic pH of the stomach, due the complexes becoming more 426!
stable with increasing pH. However, Selle et al. (2009) explains that the complexes 427!
formed in the small intestine should not impact the efficacy of exogenous phytase, as 428!
exogenous phytases included in monogastric diets are typically acidic phytase and 429!
therefore have greater activity in the acidic environment of the stomach. It may be that 430!
the phosphate released from phytate hydrolysis, being negatively charged, has a 431!
propensity to precipitate with Ca separate from phytate, which also may lead to decreased 432!
P digestibility.  433!
 434!
 “Super-dosing” phytase 435!
 “Super-dosing” refers to including phytase in diets at rates above what is required 436!
to satisfy the pig’s requirement for available P (Kies et al., 2006; Cowieson et al., 2011). 437!
Phytase activity is measured in FTUs, on a kg-1 basis, with 1 FTU being defined as the 438!
amount of phytase necessary to free 1µmol of orthophosphate per minute from 5.1 mmol 439!
Na-phytate L-1, at pH 5.5 at 37oC (Engelen et al., 2001). The earliest study to observe the 440!
impact of unconventionally high doses of phytase reported an additional release of 441!
phytate-P as a result of increasing phytase inclusion from 950 FTU kg-1  to 7,600 FTU  442!
kg-1  (Nelson et al., 1971). More recently, Kies et al. (2006) observed improvements in 443!
mineral digestibility as phytase was included up to 15,000 FTU kg-1 in nursery pigs. This 444!
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supports the findings of both Augspurger and Baker (2004) and Shirley and Edwards 445!
(2003) who also reported performance improvements in chickens super-dosed with 446!
phytase (10,000 FTU phytase/kg and 12,000 FTU phytase/kg, respectively). Zeng et al. 447!
(2014) saw improvements in weight gain and feed efficiency in pigs fed 20,000 FTU kg-1 448!
phytase compared to pigs fed 500 FTU phytase kg-1. The authors also noted that the 449!
improvements in growth performance were coupled with a lower P retention. This 450!
indicates that the increased level of phytase inclusion was potentially affecting nutrients 451!
beyond phytate-P, such as improving the utilization of amino acids, energy, or other 452!
minerals, due to phytate having the propensity to bind other molecules. 453!
 In many studies that have observed the impact of high doses of phytase, the P 454!
requirement should have been met with 500 to 750 FTU kg-1 of phytase. This leads to the 455!
conclusion that performance improvements with phytase above 750 FTU kg-1 are related 456!
to mechanisms separate from meeting the P requirements (Cowieson et al., 2011). 457!
Kornegay (2001) explained in a review that between 500 and 1,500 FTU kg-1 were 458!
necessary to achieve the maximum effect of phytase. This supports the suggestion that 459!
performance improvements from super-dosing are a result of nutrients separate from P, as 460!
the P requirement was met at a phytase level below where maximum performance 461!
improvements were seen. Beaulieu et al. (2007) also saw growth performance 462!
improvements in grower pigs supplemented with super-dosed levels of phytase when P 463!
was limited. However, the authors also observed that pigs supplemented with phytase at 464!
1,000 and 2,000 FTU kg-1 had an improvement in P digestibility and a decrease in P 465!
output over a positive control. This was coupled with no effect on energy digestibility. 466!
Therefore, improvements in growth performance may be a result of additional P 467!
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digestibility above our current understanding of P requirements, rather than other 468!
nutrients. 469!
 Zeng et al. (2014) reported improvements in the digestibility of GE and amino 470!
acids in diets containing 1,000 and 20,000 supplemental phytase FTU kg-1. Shirley and 471!
Edwards (2003) observed an improvement in ME utilization and in nitrogen retention 472!
when phytase was supplemented at 12,000 FTU kg-1 in broilers. However, Cervantes et 473!
al. (2010) included phytase at 1,050 FTU kg-1 and saw no improvements in the 474!
digestibility of energy or amino acids. Augspurger and Baker (2004) also saw no 475!
improvements in protein utilization in chicks fed up 10,000 FTU kg-1 phytase, again 476!
contradicting the theory that performance improvements are a result of changes in energy 477!
or amino acid digestibility.  478!
 The impact of super-dosing phytase on phytate and nutrient utilization remains to 479!
be determined. The challenges of fully recognizing the effect of super-dosing phytase are 480!
the result of limited understanding of the relationship between phytate and nutrient 481!
digestion. Additionally, much of the research with high doses of phytase involved diets 482!
limiting in P. This has the potential to confound performance improvements as it is not 483!
possible to completely rule out the improvements being a result of improved P 484!
availability, regardless of the effect on P retention (Beaulieu et al., 2007; Zeng et al., 485!
2014). 486!
 487!
 488!
 489!
 490!
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Table 1.1. Brief summary of previous literature considering the effect of super-dosing 491!
phytase on nutrient digestion and growth performance. 492!
Author Year Species Phytase level, 
FTU/kg 
Nutrient 
levels 
Outcome 
Nelson et al. 1971 Broiler 
chicks 
1,900, 3,800, 
7,600 
Varied P 
levels 
Improved P 
utilization 
Shirley and 
Edwards 
2003 Broiler 
chicks 
1,500, 3,000, 
6,000, 12,000 
Low P Improved AME and 
nitrogen retention 
Augspurger 
and Baker 
2004 Broiler 
chicks 
1,000, 5,000, 
10,000 
Low P No effect on protein 
utilization 
Kies et al. 2006 Nursery 
pigs 
1,500, 15,000 Low Ca 
and P 
Improved mineral 
digestibility 
Beaulieu et 
al. 
2007 Nursery 
and 
growing 
pigs 
1,000, 2,000 Varied 
Ca and P 
levels 
Improved P 
digestibility and 
ADG 
Cervantes et 
al. 
2010 Grower 
pigs 
1,050 All 
requirem
ents met 
No effect on the 
digestibility of AA 
Zeng et al. 2014 Nursery 
pigs 
1,000, 20,000 Low P Improved ADG, 
ADFI, GF, and 
apparent ileal 
digestibility of DM, 
GE, CP, Ca, total P, 
Ile, Leu, Lys, Thr, 
Val 
 493!
 494!
Conclusion 495!
 In conclusion, the relationship among P, phytate, and phytase is not completely 496!
understood. This relationship impacts pig performance, but additional research must be 497!
done to elucidate the underlying basis for the effect of phytase and phytate on pig growth 498!
performance. Phytate has a negative impact on pig performance and the environmental 499!
sustainability of pig production, and these negative impacts can be mitigated by the 500!
addition of phytase. Phytase has a positive impact on P utilization through hydrolysis of 501!
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phytate, and the potential for a positive impact on the utilization of nutrients other than P 502!
and on growth performance. However, reports of additional improvements in nutrient 503!
utilization have not been consistent due, in part, to differences in methodologies across 504!
studies. Including phytase at higher than conventional levels, or ‘super-dosing’, has been 505!
gaining increased attention. However, inconsistent results demands that further research 506!
be conducted to fully evaluate the use of phytase to achieve maximize nutrient utilization 507!
and pig performance. 508!
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Abstract 1003!
 Previous research indicates that super-dosing phytase may improve pig growth 1004!
performance by improving energy or protein digestibility in nursery and grow-out pigs. 1005!
Therefore, 2 experiments were conducted to determine if performance could be improved 1006!
by feeding phytase at super-dosed levels, and whether this response would be different if 1007!
energy and AA were limiting. Experiment 1 used 440 weaned nursery pigs (6.27 ± 0.01 1008!
kg) in a factorial treatment design comparing the main effects of diet [NRC derived 1009!
positive control (PC) versus a negative control (NC): 10% lower SID lysine with relative 1010!
lowering of all other essential AA and 1% reduced fat] and phytase levels (0 vs 2,500 1011!
FTU Quantum Blue 5G phytase/kg). Pigs were assigned to pen according to a 1012!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!1!Graduate student in the Department of Animal Science, Iowa State University and 
author!2!Technical Director and Nutritionist, The Hanor Company and collaborator!3!Swine Technical Services Manager, Vita Plus Corporation and collaborator 4!Research Coordinator in the Department of Animal Science, Iowa State University and 
collaborator 5!Professor of Animal Science, Iowa State University and corresponding author!
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randomized complete block design based on body weight. Feed and water were provided 1013!
ad libitum across 4 dietary phases: 3 × 1 wk plus 1 × 2 wk. Data were analyzed using 1014!
PROC MIXED of SAS (9.4); pen was the experimental unit and with a fixed effect of 1015!
treatment. The PC outperformed the NC in ADG and G:F (P < 0.05) indicating success in 1016!
formulating a diet limiting in energy and AA. Phytase improved ADG and G:F, 1017!
regardless of basal diet (P < 0.05). Therefore, in conclusion super-dosing phytase 1018!
improves nursery pig growth performance, irrespective of nutrient balance. Experiment 2 1019!
used 2,200 growing pigs (36.6 ± 0.30 kg) allotted to 5 treatments: a balanced PC (250 1020!
FTU Quantum Blue 5G phytase/kg), a NC (PC with 15% less SID lysine and 1.5% lower 1021!
NE), and 3 super-dosing phytase treatments applied to the NC totaling 1,000, 1,750, and 1022!
2,500 FTU phytase/kg. Feed and water were available ad libitum. Data were analyzed 1023!
using PROC MIXED of SAS (9.4) with repeated measures; pen was the experimental 1024!
unit, treatment was a fixed effect, and pen across phase was the repeated measure. At trial 1025!
completion, the PC pigs were heavier and faster growing than the NC pigs (P < 0.05) 1026!
indicating success in formulating a NC treatment. Super-dosing phytase had no effect on 1027!
whole body ADG or ADFI (P > 0.10) but tended to improve G:F and feed energy 1028!
efficiency (P < 0.10). Super-dosing phytase did improve carcass-based feed and feed 1029!
energy efficiency (P < 0.05). In conclusion, in grow-out pigs super-dosing phytase 1030!
improves carcass-based feed and energy efficiency in diets limiting in nutrients, but this 1031!
improvement is not observed on a whole body basis.  1032!
  1033!
 1034!
 1035!
!!
37!!
Introduction 1036!
 Inorganic P is an expensive ingredient to include in pig diets, due to high demand 1037!
and limited availability (Selle and Ravindran, 2007). Consequently, pig producers have a 1038!
desire to maximize P utilization in the main diet ingredients. In plants, P is stored as 1039!
phytate, a complex structure with 6 phosphate molecules bound to a myo-inositol ring 1040!
(Raboy, 2003). Neither corn nor pigs produce phytase in sufficient quantities to achieve a 1041!
significant release of phytate in the pig gastrointestinal tract (Gutierrez et al., 2015; 1042!
Eeckhout and De Paepe, 1994). Phytase dephosphorylates phytate, releasing phosphate 1043!
from the inositol ring. Phytases are characterized into two classes by the site of 1044!
hydrolysis; a 3-phytase initiates hydrolysis at the 3-carbon on the inositol ring, and a 6- 1045!
phytase initiates hydrolysis at the 6-carbon (Kumar, et al. 2010). Yeast- or bacterially- 1046!
derived phytase is added to pig diets to facilitate the release of phytate-bound P, 1047!
providing environmental and financial benefits (Beaulieu et al., 2007; Rutherford et al., 1048!
2014). 1049!
 More recently, so-called ‘super-dosing’ of phytase, defined as using levels greater 1050!
than that needed to meet the pig’s phosphorus requirement, has been proposed as a means 1051!
to further improve pig performance (Humer et al., 2014). Outcomes have been 1052!
inconsistent: Zeng et al. (2014) reported improvements in weight gain and feed efficiency 1053!
in nursery pigs with up to 20,000 FTU phytase/kg, whereas Flohr et al. (2014) observed 1054!
no benefits in grow-finish pigs with up to 2,500 FTU phytase/kg. The reason for these 1055!
inconsistencies is unknown. Therefore, the objective of these experiments was to 1056!
determine if super-dosing phytase improves pig growth performance during the nursery 1057!
and grow-out phases of production. It was hypothesized that super-dosing phytase will 1058!
!!
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improve growth performance most effectively when the diet is deficient in energy and/or 1059!
AA, to enable the pig to respond to expected improvements in the availability of energy 1060!
and/or AA. 1061!
 1062!
Materials and methods 1063!
 The protocols were approved by the Institutional Animal Care and Use 1064!
Committee of Iowa State University (1-14-7694-S and 9-14-7873-S, for Exp. 1 and Exp. 1065!
2, respectively).  1066!
 1067!
Animals, Housing, and Experimental Design 1068!
Experiment 1. This experiment was conducted at the Swine Nutrition Farm 1069!
(Iowa State University, Ames, IA). A total of 440 newly-weaned pigs of mixed sex (PIC 1070!
337 × Tempel sows; PIC, Hendersonville, TN; Tempel Genetics Inc., Gentryville, IN) 1071!
were received from the sow unit, weighed, and randomly allotted to 1 of 4 treatments 1072!
within 11 blocks based on initial body weight (average BW: 6.27 ± 0.01 kg). Pens, 1073!
providing 0.28 m2 per pig, consisted of woven-wire floors, 2 individual nipple waterers, 1074!
and a 4-space, dry self-feeder providing ad libitum access to feed and water.  1075!
 Pigs were vaccinated according to farm protocol with Circumvent PCV (Merck 1076!
Animal Health, Summit, NJ) during the initial weigh day (d 0) and again 2 wk later (d 1077!
14). The temperature of the room was 29ºC for the first 3 d, and decreased by 0.3ºC daily 1078!
until reaching 24ºC.  1079!
 The 4 dietary treatments were arranged as a 2 × 2 factorial (Tables 2.1 and 2.2) 1080!
comparing 2 diet formulations [a positive control (PC) following NRC (2012) 1081!
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recommendations for nursery pigs vs. a negative control (NC) with 10% lower SID lysine 1082!
with maintenance of the minimum ideal protein ratio (NRC, 2012) for all other essential 1083!
AA, plus added fat reduced by 1 percentage point] and 2 phytase levels [0 vs 2,500 FTU 1084!
Quantum Blue 5G phytase/kg (QB5G; AB Vista Feed Ingredients, Marlborough, 1085!
Wiltshire, UK)]. The phytase level was chosen based on the levels of phytase used in 1086!
previous literature that have resulted in performance improvements that may have been 1087!
separate from P release while keeping in mind industry relevant phytase inclusion levels. 1088!
Treatments were applied across a 4-phase feeding program, with the first 3 phases fed for 1089!
1 wk each, and the fourth phase fed for the final 2 wk of the experiment. Diet samples 1090!
were collected during manufacturing, homogenized, subsampled, and stored at -20ºC for 1091!
later chemical analysis. 1092!
 Pigs were weighed on d 0, 7, 14, 21, 27, and 35 and feed intake was recorded for 1093!
the same periods to facilitate determination of ADG, ADFI and G:F. Metabolizable 1094!
energy conversion was calculated by multiplying the ME of the diet by ADFI and then 1095!
dividing the product by ADG. Date of removal and pig BW were recorded for all pigs 1096!
removed from the study. 1097!
Experiment 2. A total of 2,200 pigs (PIC Triumph × PIC Camborough; PIC, 1098!
Hendersonville, TN) with an average initial BW of 36.6 ± 0.30 kg were received at the 1099!
Hanor Company Research Facility (White Hall, IL) and then sorted by sex into 2 1100!
identical, 50-pen, fully-slatted barns equipped with a computerized feed delivery system 1101!
(Big Dutchman, Inc., Holland, MI). Each pen was equipped with a 4-space, dry self- 1102!
feeder and a 2-nipple hanging waterer. Pigs were blocked according to initial body 1103!
weight within gender and then randomly allotted to 1 of 5 dietary treatments within 1104!
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block. Pens contained 19 to 24 pigs per pen, with 2.15 m2 per pig at finishing; the number 1105!
of pigs within pen was equalized within block. Upon achieving market weight, pigs were 1106!
shipped to Triumph Foods (St. Joseph, MO) in 4 shipments (cuts) over the course of 4 wk 1107!
(i.e. 1 cut per wk). Each shipment contained a similar number of pigs from each pen in 1108!
order to maintain consistent measurements across treatments.  1109!
 The 5 dietary treatments (Tables 2.3 and 2.4) consisted of: a positive control (PC) 1110!
formulated to meet the pigs’ requirements for all nutrients and included 250 FTU QB5G 1111!
phytase/kg (AB Vista Feed Ingredients, Marlborough, Wiltshire, UK), a negative control 1112!
(NC) similar to the positive control, except that it contained 12% less SID lysine and 0.75 1113!
percentage points less added fat (minimum ratios of other essential AA to lysine were 1114!
kept constant) and 3 treatments containing 1,000, 1,750 or 2,500 FTU phytase/kg added 1115!
to the NC diet. Treatments were fed in 5 phases and phase changes corresponded with 1116!
each weigh day.  1117!
Pens were weighed and feed disappearance were determined on d 0, 14, 35, 56, 1118!
77, 98, and at market, prior to each of the 4 cuts, to determine ADG, ADFI and G:F 1119!
overall and by phase. The financial impact was determined based on an equalized start 1120!
and finish weight. Financial outcomes included feed cost per pig and per pig place plus 1121!
return over feed cost per pig and per pig place. Carcass gain was calculated by 1122!
subtracting HCW from the initial carcass weight (initial BW × 0.74). The final dressing 1123!
percentage was calculated by dividing the HCW by market live weight and multiplying 1124!
by 100 (final dressing percentage = (HCW ÷ market wt) × 100). Live and carcass energy 1125!
conversion based on ME and NE were calculated by multiplying ADFI by treatment ME 1126!
or NE and dividing these product by total ADG or carcass ADG, respectively. 1127!
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 1128!
Chemical Analysis 1129!
 Feed samples from both experiments were analyzed for N by Tru Mac (Leco 1130!
Corporation, St. Joseph, MI) using EDTA as the standard (9.56% N; 9.55 ± 0.02% N 1131!
determined by assay). Phosphorus was determined by method 7.123 (AOAC Int., 2015) 1132!
and absorption was measured at 400 nm using a spectrophotometer (Synergy 4, BioTek, 1133!
Winooski, VT). Calcium was determined by ICP (Method 990.08; AOAC Int., 2015) by 1134!
the University of Missouri Agriculture Experiment Station Chemical Laboratories 1135!
(Columbia, MO), and phytase was determined by method 2000.12 (AOAC Int., 2015) by 1136!
Eurofins Nutrition Analysis Center (Des Moines, IA). 1137!
 1138!
Data Analysis 1139!
  In both experiments, pen was the experimental unit, treatment was a fixed effect, 1140!
and block was a random effect. Data were checked for normality using PROC 1141!
UNIVARIATE of SAS 9.4 (SAS Inst., Cary, NC). Main effects and interactions were 1142!
considered significant if P ≤ 0.05 and trends if P > 0.05 or  ≤ 0.10. 1143!
Experiment 1. Data were analyzed according to the 2 × 2 factorial arrangement 1144!
of treatments, using PROC MIXED of SAS 9.4 (SAS Inst., Cary, NC). 1145!
Experiment 2. Data were analyzed using PROC MIXED of SAS 9.4 (SAS Inst., 1146!
Cary, NC) with repeated measures using first-degree auto-regression contrasts to 1147!
compare the PC treatment versus the NC treatment, and the average of the 3 super-dosed 1148!
levels of phytase against the NC treatment. If there was a significant difference between 1149!
the NC and the mean of the 3 super-dosed phytase treatments, linear and quadratic 1150!
!!
42!!
contrasts were then applied to determine if the differences could be fit to a model 1151!
comparing super-dosing phytase level to the NC. Pen across phase was the repeated 1152!
measure. 1153!
If there was a significant sex x treatment interaction, PROC GLIMMIX was used 1154!
to determine whether the nature of the interaction was a result of the sexes responding to 1155!
super-dosing phytase differently, or if the response was due to the differences in response 1156!
between the PC and the NC relative to sex.  1157!
 1158!
Results  1159!
Experiment 1 1160!
The PC treatment resulted in faster growth rates at the end of the experiment as 1161!
compared to the NC treatment (Table 2.5; P < 0.05). Pigs fed the PC treatment were also 1162!
more feed efficient, irrespective of diet (P < 0.05). Super-dosed phytase supported faster 1163!
gains and greater feed and energy efficiency (P < 0.05). There was no effect of diet or 1164!
phytase on ADFI (P > 0.10), nor were there any interactions between diet and phytase for 1165!
overall ADG, ADFI, G:F, or energy conversion (P > 0.10).  1166!
 1167!
Experiment 2 1168!
The PC treatment resulted in heavier weights at the end of the experiment; they 1169!
also grew faster and used feed and feed energy more efficiently than pigs on the NC 1170!
treatment (P < 0.05; Table 2.6). Pigs consuming the super-dosed phytase tended to use 1171!
feed and feed energy more efficiently than pigs consuming the NC treatment (P < 0.10); 1172!
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this response tended to be a linear improvement (P < 0.10). Super-dosing did not result in 1173!
any improvement in final body weight, ADG, or ADFI (P > 0.10).  1174!
Within phase using the repeated measures analysis, the PC treatment produced 1175!
heavier pigs,  as it supported faster gain and more weight than pigs on the NC (P < 0.01; 1176!
Table 2.7 and 2.8, respectively). There was no effect of super-dosed phytase on BW (P > 1177!
0.10), although there was a tendency for weight gain to improve in a curvilinear fashion 1178!
(P < 0.10). Barrows consistently ate more than gilts within phase (data not shown, P < 1179!
0.01), but dietary treatment had no effect on feed intake (P > 0.10; Table 2.8). 1180!
The PC diet supported better feed efficiency than the NC treatments within phase 1181!
(P < 0.01; Table 2.8). Further, super-dosing phytase improved feed efficiency across 1182!
phases (P < 0.05) and did so in a curvilinear manner. There was also an interaction 1183!
between treatment and sex; gilts fed the PC were the most efficient and barrows fed the 1184!
NC and super-dosed treatments being the least efficient (data not shown, P < 0.05). Pigs 1185!
consuming the PC treatment were more efficient at converting feed energy to gain than 1186!
pigs consuming the NC treatment across individual phases (P < 0.05; Table 2.9). Super- 1187!
dosing phytase did not improve ME or NE efficiency on a phase basis (P > 0.10).  1188!
The PC diet supported heavier carcass weights and a higher dressing percentage 1189!
(P < 0.05; Table 2.10).  Pigs consuming the super-dosing treatments had higher HCW (P 1190!
< 0.05; Table 2.10). 1191!
When calculating performance on a carcass basis, the results are somewhat 1192!
different than those based on a live weight basis. On a carcass basis, the PC diet 1193!
supported faster and more efficient gain, the latter calculated on a feed or feed energy 1194!
basis (P < 0.001; Table 2.10). Super-dosing phytase improved carcass-basis feed and 1195!
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energy efficiency and tended to improve ADG (P< 0.10). Gilts on the PC were more 1196!
efficient at converting feed and energy to gain than barrows on the PC, although the 1197!
opposite is true for the NC and 3 super-dosing treatments, with barrows being more 1198!
efficient than gilts (data not shown, P < 0.05).  1199!
 1200!
Financial Impact. As a result of higher performance, pigs fed the PC had greater 1201!
income per pig place, and greater return over feed cost per pig place compared to the 4 1202!
other treatments (Table 2.11). Among the NC and the 3 super-dosed treatments, the NC 1203!
and the treatment containing 1,750 FTU phytase/kg had the fewest turns per year, at 2.99 1204!
and therefore had the lowest income per pig place. The NC treatment had the lowest 1205!
return over feed cost per pig place (Table 2.11). 1206!
 1207!
Discussion 1208!
In both experiments, the fundamental platform for evaluating super-dosing 1209!
phytase was to utilize a diet that was deficient in energy and AA. The hypothesis was that 1210!
super-dosed phytase acts by enhancing energy and nutrient utilization in some fashion; 1211!
logically, the response to phytase would be more likely to occur when the diets are 1212!
limiting relative to the pigs’ requirements. As such, it was important that the pigs fed the 1213!
NC treatment grew slower and less efficiently than the pigs fed the PC treatment. This 1214!
was achieved, and provided the desired experimental conditions in which to test our 1215!
hypothesis. 1216!
Although super-dosing phytase improved pig growth performance in Exp.1, the 1217!
results did not support the experimental hypothesis, as there was no interaction between 1218!
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diet nutrient adequacy and phytase level; the pigs responded to phytase independent of 1219!
diet adequacy. In a similar study, Biehl and Baker (1996) fed nursery pigs diets limiting 1220!
or not limiting in AA and with or without 1,200 FTU phytase/kg. They reported that 1221!
phytase improved ADG, regardless of amino acid balance, similar to the outcome of the 1222!
present Exp. 1. However, they also only reported an improvement in G:F in pigs fed diets 1223!
limiting in AA, which differs from the present results. The differing outcome may be 1224!
attributed to the lower ‘super-dosing’ levels used in the earlier study. Research by Kies et 1225!
al. (2006) supports this interpretation, as they reported improved feed efficiency as 1226!
phytase increased from 0 to 1,500 and 15,000 FTU/kg.  1227!
Numerous authors have suggested that the improved performance arising from 1228!
super-dosing phytase can be attributed to increased energy digestibility or nutrient 1229!
digestibility (Cowison et al., 2011). This proposed increase in the digestibility is 1230!
explained by phytate structure; it is composed of a 6-carbon myo-inositol ring with 1231!
phosphate ions bound to each of the carbons on the ring (Raboy, 2003). The bound 1232!
phosphate ions create a net negative charge as phytate moves from the acidic 1233!
environment of the stomach to the more basic environment of the small intestine. This 1234!
causes phytate to form complexes with different positively charged molecules, such as 1235!
various mineral cations, thereby possibly decreasing their digestibility (Selle et al., 2009).  1236!
In addition to interacting with cations, the negative charges on phytate have been 1237!
suggested to interact with positively charged AA in free or protein-bound  AA in the 1238!
monogastric gastrointestinal tract (Deshpande and Damodaran, 1989; Cowieson and 1239!
Ravindran, 2007). These phytate-amino acid interactions are purported to contribute to a 1240!
decrease in nutrient utilization. Supplementing diets with phytase at super-dosed levels 1241!
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(i.e. > 750 FTU/kg) could potentially result in a more complete phytate hydrolysis, 1242!
releasing the bound AA, and improving pig performance (Cowieson et al., 2011) – if AA 1243!
are present in the diet at a deficit relative to the pig’s requirement. Furthermore, if phytate 1244!
is interacting with enzymes, such as α-amylase (Deshpande and Cheryan, 1984), super- 1245!
dosing phytase may mitigate this interaction, leading to an increase in starch digestion, 1246!
resulting in increased energy digestibility, and improved pig performance. However, 1247!
starch is almost completely digested by the end of the small intestine, so such a benefit is 1248!
probably of limited value to the pig (Wilfart et al., 2007). If there is a benefit to improved 1249!
starch digestibility, it would also likely be more evident in nursery pigs, due to the 1250!
decreased enzyme activity and drastic dietary substrate change that occurs in the pig at 1251!
weaning; thus, even a small improvement in starch or other nutrient digestibility would 1252!
result in improved growth performance due to the nursery pig inherently having limited 1253!
digestive capacity (Patience et al. 1995; Jensen et al. 1997). This may explain the greater 1254!
response in gain, feed, and feed energy efficiency in Exp. 1 compared to Exp. 2. 1255!
The explanation that improved amino acid digestibility is the mechanism for 1256!
super-dosing phytase may be more supposition than fact since the improvement in amino 1257!
acid digestibility may not apply uniformly across all diets, but rather be restricted to low 1258!
protein circumstances (Adeola and Sands, 2003). Bohlke et al. (2005) observed a greater 1259!
digestibility of some AA (Arg, Ile, Lys, Phe, Thr, Val, Asp, and Gly) when pigs were fed 1260!
a low-phytate corn diet compared to a standard corn diet, with corn as the only protein 1261!
source. The authors attributed the differences in digestibility to phytate-amino acid 1262!
interactions. However, when the authors supplemented both diets with soybean meal, no 1263!
differences were observed, concluding that when the diet contains high quality protein, 1264!
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similar to that used in the present studies, phytate-amino acid interactions are no longer 1265!
significant. 1266!
It is also possible that even the PC diet contained too low a concentration of 1267!
energy to support maximal performance, such that if phytase increased energy 1268!
availability, the pigs would be able to grow faster. It is generally accepted that pig growth 1269!
in the nursery phase is restricted by an insufficient energy supply, simply due to physical 1270!
gut capacity (Patience et al., 1995). In other words, they cannot consume sufficient feed 1271!
to supply enough energy to support their full genotypic potential for growth. If this is 1272!
true, then super-dosing phytase may be increasing the availability of energy, which is 1273!
supported by the observed improvement in feed efficiency in Exp. 1. 1274!
In Exp. 2, super-dosing phytase resulted in overall trends for improvements in 1275!
whole body efficiency of energy and feed utilization. Interestingly, when the data were 1276!
considered on a carcass basis, pigs super-dosed with phytase showed improvement in 1277!
feed and feed energy efficiency. Thus, these results have 2 implications. First, super- 1278!
dosing phytase improved grow-finish pig carcass feed and feed energy efficiency when 1279!
energy and AA were limiting. Second, the importance of evaluating growth performance 1280!
data on a carcass-basis was reaffirmed; this is particularly critical since pigs are sold on a 1281!
carcass as opposed to live weight basis (Weber et al., 2015). 1282!
The phenotypic growth response to super-dosed phytase in growing pigs has not 1283!
been observed consistently. Braña et al. (2006) reported a positive response but Flohr et 1284!
al. (2014) did not. The difference may be the consequence of basal diet formulation; in 1285!
the study by Braña et al. (2006), the basal diet was limiting in available P whereas that by 1286!
Flohr et al. (2014), like the present Exp. 2, was properly balanced for P; it should be 1287!
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noted that the diets used by Flohr et al. (2014) differed from the present Exp. 2 in that 1288!
they were not deficient in energy or AA.  1289!
Rather than super-dosing phytase improving nutrient availability, as previously 1290!
mentioned, it is possible that the small improvements observed in grow-finish pigs may 1291!
be due to separate mechanisms, such as the release of lower derivative inositols or free 1292!
myo-inositol (Holloway et al., 2016). Cowieson et al. (2013) reported improvements in 1293!
growth performance and insulin levels in broilers supplemented with myo-inositol, 1294!
lending support to this supposition. Inositol is involved in the phosphoinositide family of 1295!
lipids. Phosphoinositides are stored in the plasma membrane and are a source of lower 1296!
derivative inositols which are used as secondary messangers in insulin signaling and 1297!
intra-cellular Ca signaling (Croze and Soulage, 2013). It is possible that the by increasing 1298!
inositol availability for use in these pathways is attributing to the presently observed 1299!
improvements in growth performance. However, this is only speculation as research 1300!
considering the effect of dietary inositol is limited, especially in pigs. 1301!
In addition to considering the impact that super-dosing phytase has on pig growth 1302!
performance, the present Exp. 2 also considered whether super-dosing phytase would 1303!
increase producer net returns; thus, providing a more complete determination of the 1304!
applicability of super-dosing phytase in commercial grow-finish pigs. Under the 1305!
conditions of the present Exp. 2, feeding diets adequate for nutrients and energy will still 1306!
result in the greatest net return per pig and per pig place, due to the pigs fed diets meeting 1307!
nutrient requirements being the most efficient at converting feed and feed energy to body 1308!
mass. However, in the diets that were limiting in energy and AA, pigs supplemented with 1309!
super-dosing levels of phytase had greater net returns than pigs not super-dosed with 1310!
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phytase. Therefore, if a producer is forced to decrease the energy or AA in his diets in a 1311!
manner similar to the present grow-finish experiment, possibly due to limited ingredients 1312!
or high ingredient costs, super-dosing phytase is a mechanism to potentially lessen the 1313!
resulting decrease in net returns.  1314!
In conclusion, super-dosing phytase (1,000 – 2,500 FTU phytase/kg) improved 1315!
nursery pig growth performance, increasing both ADG and feed efficiency. These 1316!
improvements were not affected by basal diet formulation, as they were observed in both 1317!
limiting and non-limiting diets. Super-dosing phytase also improved carcass-based 1318!
growth performance in pigs in the grow-out phase of production, with improvements in 1319!
both feed efficiency and energy conversion. These improvements due to super-dosing 1320!
were less apparent on a live weight basis, demonstrating the value in considering grow- 1321!
finish data on both a carcass-basis and a live weight basis. The benefits to the use of 1322!
super-dosing were greater in the nursery than in the grow-finish phase of production, but 1323!
were nonetheless present in both experiments. 1324!
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Table 2.1. Ingredient composition of experimental diets, Exp. 1 (as-fed basis). 1477!
Phase 1 2 3 4 
Treatment1,2 PC NC PC NC PC NC PC NC 
Corn, % 35.75 38.74 44.19 47.35 57.35 60.65 67.20 70.35 
Start premix, %3 50.00 50.00 31.25 31.25 13.89 13.89 - - 
VitaPlus piglet micro premix, %3 - - - - - - 0.25 0.25 
Soybean meal, % 10.60 8.85 20.81 18.90 23.90 21.80 27.90 25.95 
Soybean oil, % 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 
Monocalcium phosphate, % 0.85 0.85 0.75 0.75 1.25 1.25 1.35 1.35 
Limestone, % 0.45 0.45 0.50 0.50 0.45 0.45 0.70 0.70 
Aureomycin 50 (granular), %4 0.40 0.40 0.40 0.40 - - - - 
Denagard 10, %5 0.18 0.18 0.18 0.18 - - - - 
Mecadox, %6 - - - - 1.00 1.00 0.50 0.50 
Intellibond C2, % - - - - - - 0.04 0.04 
Salt, % 0.25 0.25 0.25 0.25 0.35 0.35 0.35 0.35 
L-Lysine HCl, % 0.19 0.08 0.30 0.18 0.41 0.31 0.38 0.29 
L-Threonine, % 0.14 0.08 0.18 0.12 0.20 0.16 0.17 0.12 
DL-Methionine, % 0.19 0.13 0.20 0.12 0.20 0.14 0.16 0.10 
1PC: positive control, and NC: negative control; the NC was achieved by reducing SID lysine by 10% with proportional 1478!
lowering of all other essential AA, plus reducing added fat by 1 percentage point. 1479!
2 Quantum Blue 5G Phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK) was added at 0.0063% to the PC and to 1480!
the NC diets to produce the 2 dietary treatments containing 2,500 FTU/kg of phytase  1481!
3Provided a minimum per kilogram of final diet: Fe , 132 mg; Mn, 54 mg; Cu, 23 mg; I, 0.4 mg; Se, 0.31 mg; Zn, 230 mg; 1482!
vitamin A, 11.22 kIU; vitamin D, 2 kIU; vitamin E (total) 54 IU; vitamin K, 4 mg; niacin, 82 mg; riboflavin, 12 mg; 1483!
pantothenic acid, 40 mg; vitamin B12, 56 µg; pyridoxine, 5 mg; biotin, 0.27 mg; folic acid, 1 mg; choline, 1,220 mg. 1484!
4Zoetis, Inc., Florham Park, NJ; chlortetracycline 440.9 mg/kg in the diet. 1485!
5Elanco Animal Health, Greenfield, IN; tiamulin hydrogen fumarate 180.8 mg/kg in the diet 1486!
6Phibro Animal Health Corporation, Teaneck, NJ; carbadox 220.5 mg/kg in the diet 1487!
  1488!
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Table 2.2. Nutrient composition of experimental diets, Exp. 1 (as-fed basis) 1489!
Phase 1 2 3 4 
Treatment1 PC NC PC NC PC NC PC NC 
ME, Mcal/kg  3.33  3.11 3.33 3.28 3.33 3.26 3.33 3.28 
Crude protein, % 23.01 22.21 21.26 20.38 19.69 18.79 18.27 17.42 
Ca, %   0.85  0.85  0.75  0.75  0.69  0.68  0.67  0.66 
Total P, %   0.81  0.81  0.72  0.71  0.66  0.66  0.64  0.63 
STTD P, %  0.57  0.57  0.47  0.46  0.39  0.39  0.35  0.35 
Ca:STTD P (ratio)  1.49  1.49  1.60  1.63  1.77  1.74  1.91  1.89 
SID AA, %                 
Lys  1.44  1.31  1.38  1.24  1.30  1.17  1.18  1.06 
Met  0.54  0.47  0.52  0.45  0.48  0.41  0.42  0.36 
TSAA  0.84  0.83  0.86  0.78  0.81  0.73  0.74  0.67 
Thr  0.94  0.86  0.90  0.81  0.85  0.78  0.77  0.69 
Trp  0.26  0.25  0.24  0.23  0.22  0.21  0.20  0.19 
Analyzed Contents, %         
Crude protein 23.81 22.94 21.50 20.36 20.43 19.25 18.81 17.56 
Total Ca  1.17  1.14  0.95  0.95  0.75  0.83  0.71  0.65 
Total P 0.89 0.86 0.75 0.71 0.67 0.67 0.53 0.50 
Total Ca:total P (ratio) 1.31 1.33 1.34 1.34 1.12 1.24 1.34 1.30 
1PC: positive control, and NC: negative control; the NC was achieved by reducing SID lysine by 10% with proportional 1490!
lowering of all other essential AA, plus reducing added fat by 1 percentage point. 1491!
2Analyzed phytase levels averaged across phases within treatment: PC, 0 FTU phytase/kg; NC, 0 FTU phytase/kg; PC 1492!
formulated with 2,500 FTU phytase/kg, analyzed 2,997 FTU phytase/kg; NC formulated with 2,500 FTU phytase/kg, 1493!
analyzed 3,185 FTU phytase/kg.  1494!
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Table 2.3. Ingredient composition of experimental diets, Exp. 2 (as-fed basis). 1495!
Phase 1 2 3 4 5 
Treatment1 PC NC PC NC PC NC PC NC PC NC 
Corn, % 56.70 57.69 63.02 63.94 64.36 63.94 67.44 68.37 68.73 69.62 
Wheat middlings, % 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00 
Soybean meal, % 22.50 22.50 16.25 16.25 15.00 15.00 12.00 12.00 10.75 10.75 
Choice white grease, %   3.00   2.25   3.00   2.25   3.00   2.25   3.00   2.25   3.00   2.25 
Vitamin premix2, %   0.100   0.100   0.100   0.100   0.100   0.100   0.100   0.100   0.100   0.100 
Monocalcium 
phosphate, % 
  0.580   0.580   0.560   0.560   0.570   0.560   0.580   0.580   0.590   0.590 
Limestone, %   0.730   0.730   0.760   0.760   0.770   0.770   0.790   0.790   0.800   0.800 
Salt, %   0.400   0.400   0.400   0.400   0.400   0.400   0.400   0.400   0.400   0.400 
L-Lysine HCl, %   0.300   0.100   0.280   0.110   0.230   0.070   0.150   0.020   0.110 - 
L-Threonine, %   0.090 -   0.080 -   0.060 -   0.040 -   0.030 - 
L-Tryptophan, %   0.030 -   0.030 -   0.020 -   0.020 - - - 
DL-Methionine, %   0.015 -   0.050 -   0.020 - - - - - 
Phytase3, %   0.005   0.005   0.005   0.005   0.005   0.005   0.005   0.005   0.005   0.005 
 1496!
1PC: positive control, NC: negative control; the NC was formulated to contain 12% less SID lysine with relative lowering of 1497!
all other AA, plus 0.75 percentage points less added fat 1498!
2Provided per kilogram of diet: Fe, 134 mg; Mn, 19 mg; Cu, 10 mg; I, 0.4 mg; Se, 0.30 mg; Zn, 80 mg; vitamin A, 7 kIU; 1499!
vitamin D, 1 kIU; vitamin E 33 IU; vitamin K, 3 mg; niacin, 26 mg; riboflavin, 5 mg; pantothenic acid, 18 mg; vitamin B12, 1500!
24 µg 1501!
3Quantum Blue 5G Phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK) was added to the NC at 0.020% to 1502!
create the 1,000 FTU/kg dietary treatment, added at 0.035% to create the 1,750 FTU/kg dietary treatment, and added at 1503!
0.050% to create the 2,500 FTU/kg dietary treatment. 1504!
  1505!
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Table 2.4. Nutrient composition of experimental diets, Exp. 2 (as fed basis) 1506!
Phase 1 2 3 4 5 
Treatment1 PC NC PC NC PC NC PC NC PC NC 
ME, Mcal/kg   3.40   3.36   3.40   3.36   3.39   3.36   3.39   3.36   3.39   3.35 
NE, Mcal/kg    2.57   2.53   2.60   2.56   2.60   2.57   2.62   2.58   2.62   2.59 
Crude protein, % 18.48 18.24 15.91 15.74 15.33 15.21 14.03 13.95 14.03 13.95 
Ca, %   0.52   0.52   0.50   0.50   0.50   0.50   0.50   0.50   0.50   0.50 
Total P, %   0.56   0.57   0.53   0.53   0.53   0.53   0.52   0.52   0.52   0.52 
STTD P, %   0.23   0.24   0.22   0.22   0.22   0.22   0.22   0.22   0.22   0.22 
Ca:STTD P (ratio)   2.26   2.17   2.27   2.27   2.27   2.27   2.27   2.27   2.27   2.27 
SID AA, %           
Lys   1.05   0.89   0.87   0.74   0.80   0.68   0.66   0.56   0.60   0.51 
Met   0.32   0.24   0.26   0.21   0.22   0.21   0.19   0.19   0.19   0.19 
TSAA   0.59   0.51   0.49   0.45   0.45   0.44   0.41   0.41   0.39   0.40 
Thr   0.64   0.55   0.54   0.47   0.51   0.45   0.44   0.41     0.42   0.39 
Trp   0.21   0.19   0.18   0.15   0.16   0.15   0.14   0.13   0.12   0.12 
Analyzed Composition2, %           
Crude protein 16.63 13.69 15.88 15.38 15.00 14.63 13.31 13.38 14.00 13.04 
Total Ca   0.47   0.53   0.44   0.46   0.51   0.46   0.63   0.65   0.56   0.58 
1PC: positive control, NC: negative control; the NC was formulated to contain 12% less SID lysine with relative lowering of 1507!
all other AA, plus 0.75 percentage points less added fat 1508!
2Analyzed phytase levels averaged across phases within treatment: PC, 950 FTU phytase/kg; NC, 1264 FTU phytase/kg; 1509!
formulated 1,000 FTU phytase/kg, analyzed 1,500 FTU phytase/kg; formulated 1,750 FTU phytase/kg, analyzed 2,280 FTU 1510!
phytase/kg; formulated 2,500 FTU phytase/kg, analyzed 2,500 FTU phytase/kg 1511!
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Table 2.5. Impact of diet energy and nutrient levels and super-dosed phytase on overall (d 0-35) performance, Exp. 11 1513!
           Diet2   Phytase, FTU/kg  P - Values 
Item PC NC 0 2,500 SEM Diet Phytase Diet x Phy 
Initial BW, kg 6.26 6.27 6.27 6.26 0.285 0.094 0.693 0.629 
Final BW, kg 22.44 21.68 21.89 22.23 0.501 0.002 0.144 0.342 
ADG, kg/d 0.48 0.46 0.46 0.47 0.007 0.001 0.039 0.450 
ADFI, kg/d 0.67 0.67 0.67 0.66 0.010 0.341 0.172 0.563 
G:F 0.72 0.68 0.68 0.71 0.004 <0.001 <0.001 0.558 
Energy Conversion, Mcal ME/kg gain3 4.65 4.77 4.80 4.62 0.026 0.002 <0.001 0.728 
1Data are least square means; n = 11 pens per treatment with 10 pigs per pen, totaling 440 pigs; sexes were not split, but were 1514!
even across treatments; 35 d trial 1515!
2PC: positive control, and NC: negative control; the NC was achieved by reducing SID lysine by 10% with proportional 1516!
lowering of all other essential AA, plus reducing added fat by 1 percentage point. 1517!
3Energy conversion calculated as: (ME of diet × ADFI) / ADG  1518!
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Table 2.6. Impact of diet energy and nutrient levels and super-dosed phytase on overall (d 0 – 98) body weight, whole body 1519!
average daily gain, average daily feed intake, and whole body gain to feed, Exp. 21 1520!
 Treatment2  P - value 
Item PC NC 1,000 1,750 2,500 SEM PC vs. NC3 NC vs. SD4 LIN5 
Initial BW, kg   36.77 36.56 36.57 36.51 36.50 0.412 0.160 0.722 0.566 
Final BW, kg 125.26 120.12 121.86 121.39 122.04 0.746 <0.001 0.217 0.290 
ADG, kg/d 1.011 0.960 0.974 0.961 0.972 0.007 <0.001 0.189 0.384 
ADFI, kg/d 2.867 2.853 2.878 2.827 2.857 0.021 0.577 0.952 0.659 
G:F7 0.353 0.336 0.339 0.340 0.340 0.002 <0.001 0.084 0.080 
Energy conversion, Mcal ME or NE/kg gain6       
ME7 9.63 9.99 9.93 9.89 9.89 0.044 <0.001 0.080 0.077 
NE7 7.36 7.63 7.58 7.55 7.55 0.034 <0.001 0.080 0.077 
1Data are least square means; n = 20 pens per treatment total with 19-24 pigs per pen, split by sex with 50 pens of gilts and 50 1521!
pens of barrows; 98 d trial 1522!
2PC: positive control, NC: negative control; the NC was formulated to contain 12% less SID lysine with relative lowering of 1523!
all other AA, plus 0.75 percentage points less added fat 1524!
3Linear contrast of PC vs. NC 1525!
4Comparison of NC vs. mean of 3 super-dosing treatments 1526!
5Linear contrast of NC vs. the 3 super-dosing treatment levels 1527!
6Energy conversion calculated as: (ME or NE of diet × ADFI) / ADG 1528!
7Data not shown: sex × treatment, P < 0.001 1529!
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Table 2.7. Impact of diet energy and nutrient levels and super-dosed phytase levels on BW, Exp. 21 1531!
 Treatment2  P - value 
Item PC NC 1,000 1,750 2,500 SEM PC vs. NC3 NC vs. SD4 
BW, kg5        0.746 <0.001 0.217 
d 0 – 14 51.02 50.08 50.12 49.83 50.03    
d 14 – 35  73.39 71.45 71.50 71.22 71.47    
d 35 – 56  96.31 93.40 93.67 93.15 94.20    
d 56 – 77  115.10 110.93 111.99 110.97 111.78    
d 77 – 98  125.26 120.12 121.86 121.39 122.04    
1Data are least square means; n = 20 pens per treatment with 19-24 pigs per pen, split by sex with 50 pens of gilts and 50 pens 1532!
of barrows; 98 d trial 1533!
2PC: positive control, NC: negative control; the NC was formulated to contain 12% less SID lysine with relative lowering of 1534!
all other AA, plus 0.75 percentage points less added fat 1535!
3Linear contrast of PC vs. NC 1536!
4Comparison of NC vs. mean of 3 super-dosing treatments 1537!
5Data not shown: sex × treatment, P = 0.677 1538!
  1539!
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Table 2.8. Impact of diet energy and nutrient levels and super-dosed phytase levels on whole body average daily gain, average 1540!
daily feed intake, and gain to feed G:F, Exp. 21 1541!
 Treatment2  P - value  
Item PC NC 1,000 1,750 2,500 SEM PC vs. NC3 NC vs. SD4 QUAD5 
ADG, kg/d6        0.232 <0.001 0.056 0.076 
d 0 – 14 0.921 0.873 0.876 0.861 0.875     
d 14 – 35  1.065 1.018 1.018 1.018 1.021     
d 35 – 56  1.091 1.045 1.056 1.044 1.083     
d 56 – 77  0.940 0.877 0.916 0.891 0.879     
d 77 – 98  0.854 0.769 0.862 0.893 0.807     
ADFI, kg7        0.034 0.310 0.936 0.836 
d 0 – 14 2.180 2.174 2.181 2.128 2.155     
d 14 – 35  2.732 2.726 2.691 2.671 2.718     
d 35 – 56  3.102 3.077 3.150 3.062 3.094     
d 56 – 77  3.315 3.294 3.337 3.301 3.322     
d 77 – 98  3.513 3.420 3.482 3.397 3.462     
G:F8        0.006 <0.001 0.019 0.028 
d 0 – 14 0.424 0.402 0.402 0.405 0.406     
d 14 – 35  0.391 0.373 0.378 0.381 0.375     
d 35 – 56  0.352 0.340 0.335 0.341 0.350     
d 56 – 77  0.284 0.266 0.276 0.270 0.263     
d 77 – 98  0.248 0.226 0.247 0.263 0.237     
1Data are least square means; n = 20 pens per treatment with 19-24 pigs per pen, split by sex with 50 pens of gilts and 50 pens 1542!
of barrows; 98 d trial 1543!
2PC: positive control, NC: negative control; the NC was formulated to contain 12% less SID lysine with relative lowering of 1544!
all other AA, plus 0.75 percentage points less added fat 1545!
3Linear contrast of PC vs. NC 1546!
4Comparison of NC vs. mean of 3 super-dosing treatments 1547!
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5Quadratic contrast of NC vs. the 3 super-dosing treatment levels 1548!
6Data not shown: sex × treatment, P = 0.737 1549!
7Data not shown: sex × treatment, P = 0.321 1550!
8Data not shown: sex × treatment, P = 0.046 1551!
 1552!
  1553!
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Table 2.9. Impact of diet energy and nutrient levels and super-dosed phytase levels on whole body metabolizable and net 1554!
energy conversion Exp. 21,2 1555!
 Treatment3  P - value 
Item PC NC 1,000 1,750 2,500 SEM PC vs. NC4 NC vs. SD5 
Energy conversion, Mcal ME/kg gain     0.308 0.012 0.123 
d 0 – 14 8.042 8.371 8.374 8.302 8.283    
d 14 – 35  8.716 9.019 8.910 8.824 8.967    
d 35 – 56  9.633 9.907 10.110 9.882 9.653    
d 56 – 77  11.962 12.675 12.283 12.495 13.028    
d 77 – 98  14.198 15.117 14.124 13.623 14.615    
Energy conversion, Mcal NE/kg gain    0.237 0.019 0.158 
d 0 – 14 6.078 6.303 6.305 6.251 6.237    
d 14 – 35  6.666 6.872 6.789 6.723 6.832    
d 35 – 56  7.388 7.578 7.733 7.559 7.469    
d 56 – 77  9.245 9.732 9.432 9.594 10.159    
d 77 – 98  10.973 11.688 10.920 10.531 11.298    
1Data are least square means; n = 20 pens per treatment with 19-24 pigs per pen, split by sex with 50 pens of gilts and 50 pens 1556!
of barrows; 98 d trial 1557!
2Energy conversion calculated as: (ME or NE of diet × ADFI) / ADG. 1558!
3PC: positive control, NC: negative control; the NC was formulated to contain 12% less SID lysine with relative lowering of 1559!
all other AA, plus 0.75 percentage points less added fat 1560!
4Linear contrast of PC vs. NC 1561!
5Comparison of NC vs. mean of 3 super-dosing treatments 1562!
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Table 2.10. Impact of diet energy and nutrient levels on carcass based growth performance, Exp. 21 1564!
 Treatment2  P - value 
Item PC NC 1,000 1,750 2,500 SEM PC vs. NC3 NC vs. SD4 
HCW, kg9  92.96 89.01 90.03 89.81 89.90 0.652 <0.001 0.043 
DP, %5,10 74.54 74.03 74.22 74.00 73.76 0.172 0.032 0.832 
ADG, kg10   0.738 0.695 0.708 0.702 0.704 0.005 <0.001 0.067 
G:F8 0.270 0.256 0.257 0.260 0.258 0.001 <0.001 0.040 
FV, %6,10 96.35 97.40 97.74 96.60 96.35 0.869 0.379 0.605 
Energy conversion, Mcal ME or NE/kg gain7      
ME8  13.20 13.82 13.69 13.56 13.67 0.072 <0.001 0.034 
NE8  10.09 10.55 10.45 10.35 10.44 0.055 <0.001 0.034 
1Data are least square means; n = 20 pens per treatment with 19-24 pigs per pen, split by sex with 50 pens of gilts and 50 pens 1565!
of barrows; 98 d trial 1566!
2PC: positive control, NC: negative control; the NC was formulated to contain 12% less SID lysine with relative lowering of 1567!
all other AA, plus 0.75 percentage points less added fat 1568!
3Linear contrast of PC vs. NC 1569!
4Comparison of NC vs. mean of 3 super-dosing treatments 1570!
5Dressing percentage: (HCW / live weight) × 100 1571!
6Full value pig: ((number of pigs put on trial – total dead or removed) / number of pigs put on trial) × 100 1572!
7Energy conversion calculated as: (ME or NE of diet × ADFI) / carcass ADG. 1573!
8Data not shown: sex × treatment, P < 0.05 1574!
9Data not shown: sex × treatment, P < 0.10 1575!
10Data not shown: sex × treatment, P > 0.10 1576!
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Table 2.11. Impact of diet energy and nutrient levels on financial performance of production when pigs are super-dosed with 1578!
phytase, Exp. 21 1579!
Treatment2 PC NC 1,000 1,750 2,500 
Days to 133 kg3 96.22 101.23 100.19 101.23 100.19 
Turns per year4 3.11 2.99 3.01 2.99 3.01 
Income per pig, $5 $190.45 $190.45 $190.45 $190.45 $190.45 
Income per pig place, $ $595.03 $568.71 $573.61 $568.71 $573.61 
Average feed cost per pig6, $ $64.59 $64.82 $64.74 $63.94 $64.68 
Average feed cost per pig place, $ $201.13 $193.56 $195.00 $190.94 $194,82 
Return over feed cost per pig, $ $125.86 $125.63 $125.70 $126.51 $125.77 
Return over feed cost per pig place, $ $391.90 $375.15 $378.61 $377.77 $378.79 
1Costs based on average market pricing in May 2015 1580!
2PC: positive control, NC: negative control; the NC was formulated to contain 12% less SID lysine with relative lowering of 1581!
all other AA, plus 0.75 percentage points less added fat 1582!
3Based on a start weight of 36 kg 1583!
4Based on treatment total ADG, and includes 21 d to account for barn cleaning and miscellaneous down time 1584!
5Based on $65/cwt. of live market weight 1585!
6Cost of phytase assumed to be $3.86/lb 1586!
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CHAPTER III 1588!
THE IMPACT OF SUPER-DOSING PHYTASE IN GROWING PIG DIETS ON 1589!
ENERGY AND NUTRIENT DIGESTION, CALCIUM AND PHOSPHORUS 1590!
BALANCE, AND PHYTATE CATABOLISM 1591!
 1592!
 1593!
 1594!
A paper to be submitted to the Journal of Animal Science 1595!
C. L. Holloway1, R. D. Boyd2, C. L. Walk3, and J. F. Patience4 1596!
 1597!
Abstract 1598!
Phytase is added to pig diets to release phytate-bound P. However, phytase may 1599!
also release additional nutrients when fed at super-dosed levels, resulting in a ‘nutrient 1600!
uplift’ that translates into improved growth performance. Therefore, the objective of 1601!
these experiments was to determine the impact of super-dosed phytase on energy and 1602!
nutrient digestibility; Ca, P, and nitrogen balance; and phytate catabolism. Thirty-two 1603!
gilts were surgically fitted with T-cannulae at the terminal ileum and at average BW of 1604!
39.7 ± 0.7 kg, 60.5 ± 0.5 kg, and 82.5 ± 0.7 kg, for Exp. 1, 2 and 3, respectively. The 1605!
basal diets were based on corn and soybean meal with chromic oxide added at 0.4% as an 1606!
indigestible marker. Feed was supplied at 3.2 times maintenance for 16 d in each 1607!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!1!Graduate student in the Department of Animal Science, Iowa State University and 
author!2!Technical Director and Nutritionist, The Hanor Company and collaborator!3!Senior Research Manager, AB Vista and collaborator 4!Professor of Animal Science, Iowa State University and corresponding author 
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experiment: 10 d adaption, 3 d fecal and urine collection and 3 d ileal collection. The 4 1608!
dietary treatments contained phytase (Quantum Blue 5G; AB Vista Feed Ingredients, 1609!
Marlborough, Wiltshire, UK) at 250 (control diet), 1,000, 1,750, and 2,500 FTU/kg, 1610!
respectively. Feed, feces, urine, and ileal digesta were analyzed for chromium, GE, DM, 1611!
Ca, P, nitrogen, and ether extract (EE). Ileal digesta was also analyzed for AA, starch, 1612!
and phytate and its catabolic derivatives. Data were analyzed using PROC MIXED of 1613!
SAS (9.4); pig was the experimental unit. Super-dosing increased the apparent ileal 1614!
digestibility (AID) of DM and EE and the apparent total tract digestibility (ATTD) of 1615!
DM, GE and EE, and decreased the excretion of Ca in Exp. 1; increased the ATTD of 1616!
DM and N, and decreased the excretion of Ca in Exp. 2; and increased the AID of DM, 1617!
GE, and starch, and decreased the ATTD of P and Ca in Exp. 3 (P < 0.05). Super-dosing 1618!
phytase had no effect on the AID of AA in any experiment (P > 0.05). In all 3 1619!
experiments, the concentration of phytate and inositol 5-phosphate decreased in a 1620!
quadratic fashion with super-dosing phytase, and the concentration of myo-inositol 1621!
increased linearly (P < 0.01). In conclusion, phytase had little impact on nutrient and 1622!
energy digestibility with improvements, when observed, being modest or not reflected 1623!
across the total tract. Super-dosing increases phytate catabolism, including releasing myo- 1624!
inositol, which may contribute to the improvements in growth performance previously 1625!
reported in the literature. 1626!
 1627!
Introduction 1628!
Plants store phosphorus as phytate, a structure with 6 phosphate molecules bound 1629!
around a myo-inositol ring. Phytate represents a nutrient utilization challenge to the pig as 1630!
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they do not produce the enzyme, phytase, that hydrolyzes phytate in amounts sufficient to 1631!
release meaningful quantities of phosphorus (Pointillart et al., 1987). As such, pork 1632!
producers supplement diets with inorganic phosphorus to meet the pig’s requirements, 1633!
which is costly and has negative environmental implications (Crenshaw, 2001; Ekpe et 1634!
al., 2002). 1635!
Rather than including inorganic phosphorus in the diet, supplementing diets with 1636!
an exogenous phytase has become common (Beaulieu et al., 2007). These exogenous 1637!
phytases are isolated from either yeast or bacteria and initiate hydrolysis at either the 3- 1638!
or 6-carbon on the myo-inositol ring. Phytases are able to maintain activity in the low pH 1639!
of the pig’s stomach and in the presence of gastric proteases. The hydrolysis of phytate 1640!
by phytase releases P, and decreases the likelihood of phytate forming insoluble bonds 1641!
with other mineral cations (Kumar et al., 2010). 1642!
More recently, ‘super-dosing’ phytase, or including phytase in the diet at levels 1643!
greater than that needed to meet the pig’s phosphorus requirement, has garnered 1644!
increased attention as a method to increase pig performance (Humer et al., 2014). It has 1645!
been hypothesized that phytase at super-dosed levels improves the availability of energy 1646!
and or amino acids (Zeng at al., 2016). Yet, results from super-dosing have been 1647!
inconsistent; only some studies reported favorable responses observing improved 1648!
digestibility of some nutrients (Cervantes et al., 2010; Zeng et al., 2014). Therefore, one 1649!
the objective of these experiments was to determine if super-dosing phytase in fact 1650!
improves energy and nutrient digestion in grow-finish pigs. A secondary objective was to 1651!
quantify the impact of super-dosed phytase on enteric phytate catabolism. It was 1652!
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hypothesized that super-dosing phytase will improve energy and/or nutrient digestibility, 1653!
as a possible basis for reported growth performance improvement. 1654!
 1655!
Materials and methods 1656!
This experiment was conducted at the Iowa State University Swine Nutrition 1657!
Farm. All experimental procedures adhered to the principles of ethical and humane use of 1658!
animals for research, and were approved by the Iowa State University Institutional 1659!
Animal Care and Use Committee (1-14-7695-S). 1660!
 1661!
Animal, housing, and experimental design 1662!
 Thirty-two growing gilts (PIC 337 x C22/C29; PIC Hendersonville, TN) in 2 1663!
replicates of 16 pigs each, were surgically fitted with a T-cannula in the distal ileum 1664!
following procedures described by Stein et al. (1998). Pigs were allowed to recover from 1665!
surgery for 7 d in individual pens (1.44 m2 per pig) consisting of half concrete slatted 1666!
floors, a self-feeder, and nipple drinker. During recovery, pigs had ad libitum access to a 1667!
standard corn-soybean meal diet, which met or exceeded nutrient requirements (NRC, 1668!
2012). 1669!
 Following recovery from surgery, pigs were weighed (initial BW = 39.7 ± 0.69 kg 1670!
for Exp. 1; 60.5 ± 0.53 kg for Exp. 2; and 82.5 ± 0.74 kg for Exp. 3), blocked by BW, 1671!
randomly allotted to dietary treatments, and moved to metabolism crates that contained a 1672!
fully slatted floor, stainless steel feeder, and a nipple drinker. Within each experiment, 1673!
there were 8 observations per treatment. Within experiment 1-3, each collection period 1674!
lasted 16 d; 10 d for adaption to the diets and metabolism crates; 3 d of fecal grab 1675!
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sampling and collection of total urine output; 3 d of ileal collections (8 h/d). After each 1676!
experiment, pigs were placed in individual pens that were used for surgery recovery and 1677!
fed the control diet until they reached the target BW for the next experiment and then 1678!
were returned to the metabolism crates to repeat the adaption and collection process.  1679!
Within block and experiment, pigs received the same daily feed allowance, 1680!
calculated as 3.2 times maintenance based on the average weight of all pigs within the 1681!
block (NRC, 2012). Daily feed allowance for each pig was divided into 2 equal meals 1682!
provided at 0800 and 1600 h. At the beginning and end of each collection period, all pigs 1683!
were weighed and daily feed allowance was adjusted. 1684!
 Treatment diets were formulated to meet the nutrient requirements of pigs within 1685!
each of the 3 experiments, using recommendations published by the NRC (2012), based 1686!
on a typical corn-soybean meal diet (Table 3.1 and 3.2). There were 4 dietary treatments: 1687!
a control treatment containing 250 FTU Quantum Blue 5G Phytase (QB5G; AB Vista 1688!
Feed Ingredients, Marlborough, Wiltshire, UK)/kg assuming a release of 0.10% P and 1689!
fully meeting the pigs’ requirement for P (NRC, 2012) plus 3 additional treatments which 1690!
contained additional QB5G phytase (AB Vista Feed Ingredients, Marlborough, Wiltshire, 1691!
UK) to achieve a total of 1,000, 1,750, or 2,500 FTU/kg. The phytase levels chosen were 1692!
based on generally accepted and industry relevant phytase inclusion amounts. Chromic 1693!
oxide was included in the diets at 0.4% (as-fed basis) as an indigestible marker. To 1694!
ensure uniformity of the diets, all ingredients with low addition rates, including the 1695!
vitamin and trace mineral premixes, monocalcium phosphate, limestone, salt, AA, 1696!
chromic oxide, and phytase were weighed on an analytical scale and premixed in a dough 1697!
mixer prior to their addition to the main batch mixer.  1698!
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 1699!
 1700!
Sample collection and storage 1701!
Representative feed samples were collected for each treatment at the time of 1702!
manufacturing and stored for later analysis. Fresh fecal grab samples and total urine 1703!
output were frozen at -20ºC for later analysis.  1704!
Urine was collected in acid washed plastic jugs containing adequate HCl to 1705!
maintain a pH of less than 2 to minimize ammonia volatilization. During collection, the 1706!
plastic jugs containing the urine were weighed to record output; the urine was then 1707!
homogenized, filtered through glass wool, sub-sampled, and refrozen at -20ºC. Fecal and 1708!
ileal digesta samples were also frozen at -20ºC.  1709!
 1710!
Chemical analysis and calculation 1711!
 All samples were thawed at room temperature. Fecal and ileal samples were 1712!
homogenized within each pig, sub-sampled and oven dried (feces) or lyophilized (ileal 1713!
digesta). Fecal and ileal digesta sub-samples were ground in a Wiley Mill (Variable 1714!
Speed Digital ED-5 Wiley Mill; Thomas Scientific, Swedesboro, NJ) and feed samples 1715!
were ground in a Retsch grinder (Model ZM1, Retsch Inc., Newtown, PA), through a 1- 1716!
mm screen and subsequently stored in desiccators. Feed, fecal, urine and ileal digesta 1717!
samples were then analyzed in duplicate for all assays except AA. Assays were repeated 1718!
if the CV exceeded 1% for DM, GE or nitrogen, or 5% for all other assays. Feed, fecal, 1719!
and ileal digesta were analyzed for DM (Method 930.15; AOAC Int., 2007), nitrogen by 1720!
Tru Mac (Leco Corporation, St. Joesph, MI) using EDTA (guaranteed 9.56% nitrogen; 1721!
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9.58% ± 0.02 determined by assay) for calibration, acid hydrolyzed ether extract (EE; 1722!
method 2003.06, AOAC International, 2007) using a SoxCap SC 247 hydrolyzer and a 1723!
Soxtec 255 semiautomatic extractor (FOSS North America, Eden Prairie, MN), and GE 1724!
by isoperibolic bomb calorimetry (Parr Model 6200, Parr Instruments Co., Moline, IL) 1725!
using benzoic acid as a standard (guaranteed 6,318 ± 18 kcal GE/kg; 6,314 ± 8 kcal 1726!
GE/kg determined by assay). Chromium was determined in feed, fecal, and ileal digesta 1727!
and Ca was determined in all samples by ICP according to Method 990.08 (AOAC Int., 1728!
2006 for Cr; AOAC Int., 2015 for Ca) and were determined at the University of Missouri 1729!
Agricultural Experiment Station Chemical Laboratories, Columbia, MO. Phosphorus was 1730!
determined in all samples by Method 7.123 (AOAC Int., 1980); absorption was measured 1731!
at 400 nm using a spectrophotometer (Synergy 4; BioTek, Winooski, VT). Starch was 1732!
determined in feed and ileal digesta using Method 996.11 (AOAC Int., 2007). Total AA 1733!
were determined in feed and ileal digesta by Ajinomoto Heartland Inc. (Chicago, IL) 1734!
according to Method 994.12 (AOAC Int., 2015) and method ISO 13904:2005 E for 1735!
tryptophan. Feed and ileal digesta were analyzed by AB Vista Enzyme Services and 1736!
Consultancy (Cordova, TN) for phytase activity according to Engelen et al. (2001) with 1737!
pH 4.5 and rice bran phytate) and for phytate concentration (Blaabjerg et al., 2010). One 1738!
phytase unit (FTU) was considered to be the amount of phytase required to release 1- 1739!
µmol of phosphate per minute from 5.1-mmol Na-phytate/L at pH 5.5 at 37oC (Engelen et 1740!
al., 2001). 1741!
 For each dietary treatment, the AID of starch, AA, GE, DM, nitrogen, P, EE, and 1742!
Ca and the ATTD of GE, DM, nitrogen, P, EE, and Ca were calculated, all according to 1743!
the procedures of Oresanya et al. (2008).  1744!
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Statistical Analysis 1745!
 Data were checked for normality using PROC UNIVARIATE in SAS 9.4 (SAS 1746!
Inst., Cary, NC). All statistical analyses were performed using PROC MIXED with pig as 1747!
the experimental unit, treatment as a fixed effect, and block as a random effect. 1748!
Differences among least square treatment means were determined with the Tukey- 1749!
Kramer adjustment, and linear and quadratic contrasts were then applied to determine the 1750!
nature of the response to increasing levels of super-dosed phytase relative to the control 1751!
diet. Treatment differences and contrasts were considered significant if P < 0.05 and 1752!
trends if 0.05 ≥ P < 0.10. 1753!
 1754!
Results 1755!
Nutrient composition of diets 1756!
 Analyzed nutrient composition was similar across diets within experiment (Table 1757!
3.3). Calcium and P were higher than formulated, although the total Ca:total P ratio were 1758!
within accepted ranges (NRC, 2012). In no instance was the calcium or phosphorus level 1759!
below requirement, so there is no risk that any observed response to phytase could be 1760!
attributed to meeting the pig’s requirement for phosphorus – or even calcium for that 1761!
matter (NRC, 2012). There is a well-founded concern that an excessively wide Ca:P ratio 1762!
may impair phytase effectiveness (Beaulieu et al., 2007); in these experiments, the ratios 1763!
were narrower rather than wider than formulated, and would not be considered 1764!
problematic (Beaulieu et al, 2007; Selle et al., 2009; González-Vega et al., 2015). Phytase 1765!
levels were higher than expected, in part due to the phytase source exceeding 1766!
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specification by about 25%. Such deviations in phytase activity have been previously 1767!
reported (Jones et al., 2010).  1768!
 1769!
Experiment 1 1770!
Super-dosing phytase linearly increased the AID of EE (P < 0.05; Table 3.4) and 1771!
increased the AID of DM (P < 0.05) and this increase tended to be linear in nature (P < 1772!
0.10). The effect of phytase on the AID of DM was due more to an unexpected reduction 1773!
with 1,000 FTU phytase/kg rather than a dose-related improvement compared to the 1774!
control diet.  Nonetheless, the AID of DM was elevated in the diets containing the 2 1775!
highest phytase levels. A similar trend was observed for the AID of GE as well (P < 1776!
0.10). Super-dosing phytase tended to linearly improve hindgut fermentation of EE (P < 1777!
0.10), but there was no effect on hindgut fermentation of DM or GE. There was also a 1778!
main effect of treatment on the ATTD of DM, GE and EE (P < 0.05); however, since 1779!
neither the linear nor quadratic models are statistically significant (P > 0.10), it is clear 1780!
that the effect of treatment was again due to the unexpected reduction in these parameters 1781!
with 1,000 FTU phytase/kg, rather than an improvement with phytase relative to the 1782!
control diet. 1783!
There was no effect of super-dosing phytase on the AID, ATTD, hindgut release, 1784!
or balance of nitrogen (P > 0.10; data not shown). Super-dosing phytase tended to 1785!
improve the AID of tryptophan (P < 0.10; Table 3.5), in a linear fashion (P < 0.05). It 1786!
also improved the AID of leucine (P < 0.05) and this improvement also tended to 1787!
increase in a linear manner (P < 0.10). There were no other effects of phytase on the AID 1788!
for other AA (P > 0.10).  1789!
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The AID of Ca and hindgut release of Ca and P were unaffected by super-dosing 1790!
phytase (P > 0.10; Table 3.6). The ATTD of Ca improved linearly with increasing 1791!
phytase level (P < 0.05). Super-dosing phytase also affected the ATTD of P (P < 0.05), 1792!
although the response was not dose related, but rather attributed to an unexpected 1793!
decrease in P digestibility with 1,000 FTU phytase/kg.  1794!
Regarding mean daily balance of P and Ca, there was an increase in fecal 1795!
excretion of P due to super-dosing phytase, maximized at 1,000 FTU phytase/kg (P < 1796!
0.05). Super-dosing phytase decreased urinary and total excretion of Ca and increased 1797!
retention of Ca in a linear manner (P < 0.05) and tended to decrease fecal excretion of Ca 1798!
(P < 0.10), also in a linear fashion (P < 0.05). Super-dosing had no impact on P retention 1799!
(P > 0.10) but did improve Ca retention (P < 0.05). 1800!
At the terminal ileum, super-dosing phytase decreased the concentration of 1801!
phytate (IP6; Table 3.7) and inositol 5-phosphate (IP5) in a curvilinear fashion, with the 1802!
lowest concentrations achieved at 2,500 FTU phytase/kg (P < 0.05). The concentration of 1803!
inositol 4-phosphate (IP4) increased with super-dosing phytase level in a curvilinear 1804!
fashion (P < 0.05). Super-dosing phytase resulted in a quadratic increase in the 1805!
concentration of inositol 3-phosphate (IP3; P < 0.05) with a maximum concentration 1806!
occurring at 1,750 FTU phytase/kg. Super-dosing phytase also resulted in a linear 1807!
increase in the concentration of free myo-inositol at the terminal ileum (P < 0.05).  1808!
 1809!
Experiment 2 1810!
There was no impact of super-dosing phytase on the AID or hindgut fermentation 1811!
of DM, GE, EE, or starch or ATTD of EE (P > 0.10; Table 3.8). Super-dosing phytase 1812!
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improved the ATTD of DM (P < 0.05) and tended to improve the ATTD of GE (P < 1813!
0.10) in a linear fashion (P < 0.05).  1814!
There was no effect of treatment on the AID, hindgut release, or balance of 1815!
nitrogen (P > 0.10; data not shown) but super-dosing improved the ATTD of nitrogen in 1816!
a linear manner (P < 0.05; data not shown). Super-dosing phytase also had no effect on 1817!
the AID of any AA (P > 0.10; Table 3.9). 1818!
The AID and ATTD of Ca and the net release of P and Ca in the hindgut were 1819!
unaffected by treatment (P > 0.10; Table 3.10). Super-dosing phytase tended to decrease 1820!
the AID of P in a linear fashion (P < 0.10). The ATTD of P also decreased in a linear 1821!
manner with super-dosing phytase (P < 0.05). However in both instances, the response 1822!
was due to an unexpected decline that was greatest at 1,000 FTU phytase/kg 1823!
As in Exp. 1, there was no effect of super-dosing on the excretion or retention of 1824!
P (P > 0.10). Super-dosing phytase resulted in a curvilinear decrease in urinary excretion 1825!
and total daily excretion of Ca (P < 0.05), with the minimum being achieved with 1,750 1826!
FTU phytase/kg. This was also reflected in the curvilinear increase in Ca retention (P < 1827!
0.05), similar to the response observed in Exp. 1. 1828!
Super-dosing phytase resulted in a curvilinear decrease in the concentration of 1829!
phytate and IP5 at the terminal ileum (P < 0.05; Table 3.11). It also decreased the 1830!
concentration of IP4 in a quadratic fashion, with a minimum concentration achieved at 1831!
2,500 FTU phytase/kg (P < 0.05). Super-dosing increased the concentration of IP3 in a 1832!
quadratic fashion (P < 0.05), achieving a maximum concentration with 1,000 FTU 1833!
phytase/kg. Increasing phytase resulted in a linear increase in free myo-inositol 1834!
concentration (P < 0.05). 1835!
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 1836!
Experiment 3 1837!
Super-dosing phytase improved the AID of DM, GE, and starch (P < 0.05; Table 1838!
3.12) and this improvement tended to follow a quadratic response pattern (P < 0.10), with 1839!
a maximal response at 1,750 FTU phytase/kg diet followed by a decline in AID with 1840!
2,500 FTU phytase/kg. Super-dosing phytase had no effect on the hindgut fermentation 1841!
or the ATTD of DM, GE and EE (P > 0.10) 1842!
Super-dosing phytase had no effect on the AID, ATTD, hindgut release, or 1843!
balance of nitrogen (P < 0.10; data not shown). Super-dosing phytase also had no effect 1844!
on any AA (P > 0.10; Table 3.13), with the exception of threonine. Even in this single 1845!
instance, the improvement was very modest. 1846!
Super-dosing phytase had no effect on the hindgut release of P or Ca (P > 0.10; 1847!
Table 3.14). The AID of Ca tended to decrease (P < 0.10) in a linear fashion with 1848!
increasing phytase level (P < 0.05). The ATTD of P decreased (P < 0.05) and the ATTD 1849!
of Ca tended to decrease (P < 0.10) in a linear manner with phytase (P < 0.05), with the 1850!
lowest ATTD of both being reached at 2,500 FTU phytase/kg.  1851!
 Fecal excretion of P increased linearly with super-dosing phytase (P < 0.05). 1852!
Urinary excretion, total excretion, and retention of P were not affected by super-dosing 1853!
phytase (P > 0.10). Super-dosing phytase decreased urinary excretion of Ca in a quadratic 1854!
fashion (P < 0.05), with a minimum excretion being achieved at 1,750 FTU phytase/kg. 1855!
Unlike in the previous 2 experiments, super-dosing phytase had no effect on fecal 1856!
excretion, total excretion, or retention of Ca (P > 0.10). 1857!
!!
77!!
 There was a quadratic decrease in the concentrations of phytate and IP5 with 1858!
increasing levels of phytase (P < 0.05; Table 3.15). Super-dosing phytase also resulted in 1859!
a quadratic decrease and increase in IP4 and IP3, respectively (P < 0.05). There was also a 1860!
linear increase in free myo-inositol concentration with increasing phytase inclusion (P < 1861!
0.05).  1862!
 1863!
Discussion 1864!
These experiments were designed to determine if previously observed 1865!
improvements in growth performance associated with super-dosing phytase (Braña et al., 1866!
2006; Holloway et al., 2016) were due to improvements in energy and nutrient 1867!
digestibility separate from P. Much of the work concerning phytase has been in diets 1868!
limiting in P, presenting a challenge in determining whether super-dosing phytase 1869!
improves the availability of other nutrients. Therefore, these experimental diets were 1870!
formulated to meet all nutrient requirements; hence allowing the determination of a 1871!
‘nutrient uplift’, separate from improved P availability.  1872!
Energy 1873!
Enhancements in energy digestibility resulting from super-dosing phytase have 1874!
been observed in earlier studies (Ravindran et al., 2000; Zeng et al., 2014), although there 1875!
have also been studies reporting no improvements in energy digestibility (Cervantes et 1876!
al., 2010; Guggenbuhl et al., 2012). These improvements, when observed, have not been 1877!
well explained due, in part, to most studies focusing on energy in general terms (i.e. GE 1878!
and DM). The experiments herein considered energy both in general terms and in terms 1879!
of specific sources, namely fat and starch. This allowed for a more complete 1880!
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determination of whether super-dosing phytase was affecting energy availability and 1881!
utilization.  1882!
The response to super-dosing phytase was inconsistent in the present experiments, 1883!
with both increases and decreases in digestibility being observed relative to the control 1884!
treatment. Additionally, the magnitude of these responses was small, typically 1 to 3 1885!
percentage points, and were not consistently reflected across the total tract in terms of 1886!
treatment response or response pattern. For example, the linear improvement in the 1887!
digestibility of EE in Exp. 1 at the terminal ileum was not observed when considered 1888!
across the total tract; Additionally, in Exp. 2 there was a linear improvement in the 1889!
ATTD of DM, but only by 1 percentage point compared with the control treatment.  1890!
Johnston et al. (2004) reported a small improvement in the AID of starch with the 1891!
inclusion of phytase. This improvement was not reflected in DM or GE digestibility. The 1892!
authors also reported no improvement in the AID of fat with phytase supplementation. 1893!
These data indicate that while super-dosing phytase may result in an improvement in 1894!
energy and energy source digestibility, the response is modest and inconsistent; therefore, 1895!
improved digestibility of energy overall or specific sources of energy are unlikely to be 1896!
the mechanisms for previously observed growth improvements with super-dosed phytase.  1897!
Amino acids 1898!
Phytase has also been purported to release AA that may be bound to phytate, 1899!
leading to improvements in the digestibility of AA, especially at super-dosing levels 1900!
(Kies et al., 2006; Cowieson et al., 2011). This has been demonstrated in previous 1901!
studies, with improvements observed with increasing levels of phytase (Guggenbuhl et 1902!
al., 2012). Yet, the present experiments suggest there is no improvement in AA 1903!
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digestibility, which is in agreement with the work of Traylor et al. (2001) and Cervantes 1904!
et al. (2010). Even in studies in which super-dosing phytase improved AA digestibility, 1905!
the improvements were modest (Selle and Ravindran, 2008) and probably contributing 1906!
little to improved growth performance.  1907!
To further pursue this question, Holloway et al. (2016) reported that super-dosing 1908!
phytase in nursery pigs improved pig growth performance in diets both limiting and not 1909!
limiting in AA and energy. Thus, it is unlikely that super-dosing phytase is improving pig 1910!
growth performance through improved AA availability. 1911!
Calcium and P 1912!
  Similar to interacting with positively charged AA residues, phytate also has the 1913!
potential to chelate mineral cations such as Ca, Fe, or Zn, leading to decreased mineral 1914!
digestibility and contributing to the classification of phytate as an ‘antinutrient’ 1915!
(Schlemmer et al., 2001). Thus, by including phytase at super-dosed levels, 1916!
improvements in mineral utilization, separate from P, may be possible (Kies et al, 2006). 1917!
In the results reported herein, the response of Ca digestibility to super-dosing phytase was 1918!
inconsistent across the experiments; increases and decreases were observed in Exp. 1 and 1919!
Exp. 3, respectively, and no effects were reported in Exp. 2. Given that Ca is regulated 1920!
more at the renal level than at the intestinal level (González-Vega et al., 2013), Ca 1921!
excretion in the urine may give a better indication of whether super-dosing phytase is 1922!
having an impact on Ca utilization. Calcium excretion in the urine decreased across 1923!
experiments with super-dosing phytase relative to the control treatment. Thus, super- 1924!
dosing phytase is likely disrupting Ca-phytate complexes resulting in improved biological 1925!
availability of Ca in the body (Selle et al., 2009). The variation in the digestibility of Ca 1926!
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may be an artifact of endogenous Ca losses that occur along the gastrointestinal tract 1927!
(González-Vega et al., 2013). These losses have the potential to influence the outcomes 1928!
of apparent digestibility calculations and are a possible explanation for the 1929!
inconsistencies observed in the present experiments. 1930!
As mentioned, feeding basal diets adequate in P was fundamental to the success 1931!
of these experiments, and based on diet analysis this was achieved. Even so, it is 1932!
interesting that super-dosing phytase had no effect on urinary excretion of P in any of the 1933!
experiments. Like Ca, P homeostasis has been shown to be regulated more through renal 1934!
action rather than at the intestinal level (Gutierrez et al., 2015); thus, the additional P 1935!
released with super-dosing phytase, as indicated by the increase in phytate breakdown, 1936!
would be expected to be absorbed by the intestine and excreted by the kidney into the 1937!
urine. This did not occur, as there was no increase in ileal digestion of P, no increase in 1938!
urinary excretion of P, and no change in retention of P in any of the experiments.  Thus, 1939!
the current data indicate that the additional P was not absorbed from the intestine.  1940!
Indeed, in the case of Exp. 2 and 3, it was decreased. 1941!
A recent study by Adhikari et al. (2016) reported similar findings with super- 1942!
dosed phytase – the ATTD of P did not change as phytase inclusion was increased from 1943!
500 FTU phytase/kg to 2,500 FTU phytase/kg. Unfortunately, P balance was not 1944!
reported. Those authors concluded that the unchanged P digestibility indicated that 1945!
phytate-bound P was completely released with 500 FTU phytase/kg. But as the present 1946!
data demonstrate, higher levels of phytase are needed in order to completely breakdown 1947!
phytate and release all of the bound P.  1948!
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In pigs, P is transported out of the lumen of the small intestine using a saturable, 1949!
vitamin-D stimulated, Na-dependent co-transport mechanism and a passive, paracellular 1950!
transport mechanism utilizing tight junctions (Borowitz and Ghishan, 1989; Breves and 1951!
Shröder, 1991). The paracellular transport mechanism is not regulated, but transports less 1952!
P than the stimulated, active mechanism. It is possible that the active mechanism is 1953!
regulating P transport to some degree, leading to decreased P absorption; but, as 1954!
previously mentioned, P is primarily regulated at the renal level. It is also possible that P 1955!
is bypassing the transporters in the small intestine, but considering that the diets did not 1956!
contain large amounts of fiber – generally associated with decreases in nutrient digestion 1957!
this is unlikely (Kerr and Shurson, 2013). Therefore, we have no plausible explanation 1958!
for the P digestibility and balance outcomes, given that the breakdown of phytate to 1959!
lower order compounds or free inositol must have released P. 1960!
It is generally known that there are endogenous losses of P in the swine 1961!
gastrointestinal tract, and that these losses may be influenced by diet, stage of growth, 1962!
and feeding level (Peterson and Stein, 2006; Bikker et al., 2016). Thus, similar to Ca, this 1963!
likely accounts for some of the variation in P digestibility across experiments, as both the 1964!
levels of dietary ingredients and pig body weights are different from experiment to 1965!
experiment.   1966!
Phytate, lower derivative inositols, and myo-inositol 1967!
In all three experiments, super-dosing phytase caused phytate and IP5 1968!
concentrations to decrease, which supports the findings of Zeller et al. (2015) in poultry. 1969!
These authors supplemented phytase to 12,500 FTU/kg and reported decreased 1970!
concentrations of phytate and IP5. In these experiments, the decrease in concentration of 1971!
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phytate and IP5 is reflected by the quadratic increase and decrease in the concentrations 1972!
of IP4 and IP3, respectively, and the linear increase in myo-inositol concentrations. These 1973!
data demonstrate that conventional levels of phytase inclusion used to meet the pig’s P 1974!
requirements are not high enough to achieve complete phytate hydrolysis; thus, it is 1975!
possible that the improvements resulting from super-dosed phytase may be related to a 1976!
more complete phytate hydrolysis, including the release of myo-inositol, rather than 1977!
improved nutrient availability. 1978!
Additionally, it is interesting that the concentrations of IP5, IP4, IP3, and myo- 1979!
inositol are relatively similar in Exp. 1 and 2, but decreased in Exp. 3, while phytate 1980!
degradation remains consistent across the 3 experiments. This is possibly suggesting that 1981!
the pig has the potential to absorb the lower derivative inositols or myo-inositol in the 1982!
small intestine, but not until reaching a later stage of development. However, this is 1983!
strictly speculative, as IP2 and IP1 were not measured, thus the decreased concentrations 1984!
of IP5, IP4, IP3, and myo-inositol in Exp. 3 may be accounted for by increased 1985!
concentrations of IP1 and IP2. Further research considering the absorbability of lower 1986!
derivative inositols and myo-inositol in pigs may be warranted to elucidate the effects 1987!
they may be having.  1988!
Cowieson et al. (2013) demonstrated that myo-inositol is absorbed in the small 1989!
intestine in broilers, and leads to increases in growth performance and insulin levels in 1990!
the blood. A mechanism for these increased was not established but it is possibly partially 1991!
attributed to increasing the availability of myo-inositol for use in its various roles 1992!
throughout the body; it is involved in a variety of metabolic roles, including involvement 1993!
in insulin secondary messaging, is structurally fundamental to the phosphoinositide 1994!
!!
83!!
family of lipids, and is involved in the synthesis of cellular inositol-phosphates which 1995!
also have a multitude of intracellular roles (Fisher et al., 2002; Raboy, 2003; Croze and 1996!
Soulage, 2013). Therefore, it is possible that the performance improvements resulting 1997!
from super-dosing phytase are related to increased phytate catabolism, and increased 1998!
myo-inositol availability for utilization throughout the body. Unfortunately, research 1999!
concerning the impact of phytase, or super-dosing phytase, on myo-inositol availability is 2000!
limited, causing difficulty in understanding the extent of dietary myo-inositol utilization 2001!
in pigs.  2002!
In addition to the effect of super-dosing phytase on energy and nutrients, it is 2003!
interesting that in some cases the significant treatment effect was not necessarily resulting 2004!
from increasing phytase level; rather, the effect was due to an unexpected reduction in 2005!
performance with the treatment containing 1,000 FTU phytase/kg in various parameters 2006!
in both Exp. 1 and 2. This is puzzling considering that within experiment, all of the 2007!
treatments were formulated from the same basal diet and based upon the analysis, they 2008!
were all relatively similar in terms of nutrient profiles. Additionally, although the 2009!
analyzed phytase levels were all higher than formulated, they were all consistently higher 2010!
than formulated. The profile of phytate breakdown across phytase levels did not reveal 2011!
any particular uniqueness of the 1,000 FTU/kg treatment. We have no explanation for the 2012!
depression in digestibility observed with 1,000 FTU phytase/kg. 2013!
In conclusion, feed and feed energy efficiency improvements previously reported 2014!
(i.e. chapter 2) from super-dosing phytase are unlikely to be related to improvements in 2015!
the digestibility of energy. Super-dosing phytase consistently leads to increased phytate 2016!
!!
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catabolism, including increasing the availability of myo-inositol, and this may represent 2017!
at least part of the growth response to super-dosing. 2018!
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Table 3.1. Ingredient composition of experimental control diets (as-fed basis). 2272!
Experiment1 1 2 3 
Corn, % 67.91 73.84 78.47 
Soybean meal, % 28.50 22.75 18.30 
Soybean oil, % 0.50 0.50 0.50 
Vitamin premix2, % 0.200 0.200 0.200 
Mineral premix3, % 0.200 0.200 0.200 
Monocalcium phosphate, % 0.400 0.310 0.260 
Limestone, % 1.240 1.150 1.030 
Salt, % 0.500 0.500 0.500 
Lysine, HCl, % 0.135 0.150 0.135 
Chromic oxide, % 0.400 0.400 0.400 
Methionine, % 0.015 . . 
Phytase4,5, % 0.005 0.005 0.005 
1Experiment 1, 40 kg pigs; Experiment 2, 60 kg pigs; Experiment 3, 80 kg pigs 2273!
2Provided per kilogram of complete diet: 6,614 IU of vitamin A; 827 IU of vitamin D; 26 2274!
IU of vitamin E; 2.6 mg of vitamin K; 29.8 mg of niacin; 16.5 mg of pantothenic acid; 2275!
5.0 mg of riboflavin; 0.023 mg of vitamin B12. 2276!
3Provided per kilogram of complete diet: Zn, 165 mg as ZnSO4; Fe, 165 mg as FeSO4; 2277!
Mn, 39 mg as MnSO4; Cu, 17 mg as CuSO4; I, 0.3 mg as Ca(IO3)2; and Se, 0.3 mg as 2278!
Na2SeO3. 2279!
4Quantum Blue 5G (Marborough, Wiltshire, UK) was added in the control diet for a relea 2280!
se of 0.1% P 2281!
5Quantum Blue 5G phytase was added at 0.020% for the treatment containing 1,000 2282!
FTU/kg, 0.035% for 1,750 FTU/kg, and 0.050% for 2,500 FTU/kg 2283!2284!
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Table 3.2. Formulated nutrient composition of the experiment diets (as-fed basis). 2285!
Experiment1 1 2 3 
DE, Mcal 3.43 3.43 3.43 
ME, Mcal 3.30 3.31 3.32 
Lysine, % 0.98 0.85 0.73 
Threonine, % 0.60 0.52 0.46 
Tryptophan, % 0.20 0.17 0.15 
Sulfur AA, % 0.54 0.49 0.45 
Total P2, % 0.47 0.42 0.39 
Apparent total tract digestible P, % 0.30 0.27 0.25 
Ca, % 0.66 0.59 0.52 
Cal:total P, % 1.40 1.40 1.33 
Ca:apparent total tract P, % 2.20 2.19 2.08 
1Experiment 1, 40 kg pigs; Experiment 2, 60 kg pigs; Experiment 3, 80 kg pigs 2286!
  2287!
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Table 3.3. Analyzed nutrient composition of the experiment diets (as-fed basis). 2288!
 Diet 
Nutrient Control 1,000 1,750 2,500 
Experiment 1 (40 kg pigs)     
Phytase, FTU/kg1 665 1600 2230 3730 
GE, Mcal   3.85   3.84   3.82   3.82 
Crude protein, % 18.13 18.75 18.31 18.25 
Total P, %   0.56   0.60   0.60   0.60 
Total Ca, %   0.75   0.73   0.76   0.77 
Ca:P   1.34   1.22   1.27   1.28 
Phytate P, %   0.25   0.24   0.26   0.20 
Experiment 2 (60 kg pigs)     
Phytase, FTU/kg1 405 1560 2200 4180 
GE, Mcal   3.78   3.80   3.79   3.78 
Crude protein, % 15.19 16.25 15.81 16.06 
Total P, %   0.54   0.52   0.53   0.52 
Total Ca, %   0.69   0.63   0.59   0.66 
Ca:P   1.28   1.21   1.11   1.27 
Phytate P, %   0.24   0.23   0.24   0.21 
Experiment 3 (80 kg pigs)     
Phytase, FTU/kg1 575 1730 2435 3430 
GE, Mcal     3.82     3.82   3.83   3.83 
Crude protein, %   14.25   14.25 14.13 14.06 
Total P, %   0.49   0.47   0.48   0.49 
Total Ca, %   0.58   0.56   0.59   0.57 
Ca:P   1.18   1.19   1.23   1.16 
Phytate P, %   0.20   0.20   0.19   0.20 
1Quantum Blue 5G; AB Vista Feed Ingredients, Marlborough, Wiltshire, UK; 1 FTU is 2289!
the amount of phytase required to release 1-µmol of phosphate per minute from 5.1- 2290!
mmol Na-phytate/L at phytate at pH 5.5 at 37oC (Engelen et al., 2001). 2291!
 2292!
 2293!
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Table 3.4. Effect of three levels of super-dosing phytase on the digestibility of DM, GE, starch, and ether extract in 40 kg pigs, 
Exp. 11,2. 
  Phytase level, FTU/kg3  P-values5 
Item  2504 1,000  1,750 2,500 SEM TRT6 LIN7 
Apparent ileal digestibility, %         
DM   73.38ab 71.13b 75.48a 74.77ab 1.106 0.032 0.081 
GE   74.59 72.44 76.34 75.93 1.188 0.082 0.144 
Starch   92.97 90.61 93.14 92.41 0.972 0.127 0.812 
Ether extract   57.76b 58.19b 62.39ab 65.25a 1.521 0.005 <0.001 
Hindgut fermentation8, %        
DM   17.12 17.84 14.74 16.10 1.125 0.265 0.232 
GE   15.11 15.20 12.66 13.72 1.176 0.395 0.215 
Ether extract   17.14 24.74 21.58 24.16 2.193 0.087 0.085 
Apparent total tract digestibility, %        
DM   90.50ab 88.97b 90.36ab 90.86a 0.472 0.032 0.230 
GE   89.63a 87.64b 89.23ab 89.65a 0.516 0.016 0.437 
Ether extract   40.62a 33.45b 40.87a 41.16a 1.654 0.006 0.245 
1Data are least square means; n = 8; actual average BW: 39.7 ± 0.34 kg 
2Diets meet nutrient requirements of grow-finish pigs, including phosphorus, according to NRC (2012) 
3Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK); 1 FTU is the amount of phytase 
required to release 1 µmol of phosphate per minute from 5.1 mmol Na-phytate/L at phytate at pH 5.5 at 37oC (Engelen et al., 
2001). 
4Control treatment 
5The quadratic contrast was not significant for any of the items, P > 0.10 
6TRT = treatment 
7Linear contrast  
8Calculated by: apparent total tract digestibility of item – apparent ileal digestibility of item 
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Table 3.5. Effect of three levels of super-dosing phytase on the apparent ileal digestibility of essential and nonessential AA in 
40 kg pigs, Exp. 11,2. 
 Phytase level, FTU/kg3  P-value5 
Item 2504 1,000  1,750 2,500 SEM TRT6 LIN7 
Essential, %        
Arg 90.27 90.26 91.13 90.71 0.587 0.692 0.410 
His 85.58 84.12 86.72 84.57 0.909 0.199 0.913 
Ile 84.40 84.44 87.24 85.37 0.923 0.098 0.144 
Leu 85.28ab 85.14b 87.85a 86.19ab 0.719 0.038 0.085 
Lys 86.38 86.63 87.31 87.19 0.802 0.826 0.393 
Met 87.80 88.10 90.03 88.41 0.600 0.077 0.177 
Phe 84.22 84.28 86.46 85.14 0.704 0.120 0.128 
Thr 77.91 78.20 80.89 78.99 1.079 0.242 0.230 
Val 80.23 80.32 83.42 81.27 0.850 0.0478 0.106 
Trp 79.00 80.07 82.52 81.38 1.088 0.064 0.025 
Nonessential, %        
Gly 73.73 71.65 77.86 72.90 1.546 0.065 0.590 
SAA 79.54 78.65 81.15 79.48 1.389 0.647 0.710 
Ala 81.07 81.37 83.82 82.45 0.962 0.189 0.126 
Pro 84.35 83.44 85.23 84.13 1.062 0.680 0.813 
Ser 82.55 83.21 85.32 83.52 0.872 0.135 0.175 
Asp A 83.52 83.52 84.89 84.12 1.002 0.710 0.456 
Tyr 85.25 85.93 87.21 86.69 1.053 0.599 0.247 
Cys 70.89 68.60 71.91 69.86 2.353 0.779 0.983 
Glu A 83.71 83.93 86.41 84.54 1.066 0.341 0.300 
1Data are least square means; n = 8; actual average BW: 39.7 ± 0.34 kg 
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2Diets meet nutrient requirements of grow-finish pigs, including phosphorus, according to NRC (2012) 
3Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK); 1 FTU is the amount of phytase 
required to release 1 µmol of phosphate per minute from 5.1 mmol Na-phytate/L at phytate at pH 5.5 at 37oC (Engelen et al., 
2001). 
4Control treatment 
5The quadratic contrast was not significant for any of the items, P > 0.10 
6TRT = Treatment 
7Linear contrast  
8No differences among treatments with Tukey-Kramer adjustment 
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Table 3.6. Effect of three levels of super-dosing phytase on digestibility, excretion, and retention of phosphorus (P) and 
calcium (Ca) in 40 kg pigs, Exp. 11,2. 
  Phytase level, FTU/kg3  P-values 
Item  2504 1,000  1,750 2,500 SEM TRT5 LIN6 
Apparent ileal digestibility, %         
P  37.54 29.26 45.64 39.26 4.093 0.060 0.243 
Ca  64.06 62.21 64.27 66.33 2.416 0.637 0.398 
Hindgut release7, %        
P   33.98 39.36 26.82 32.52 4.085 0.232 0.357 
Ca   4.51 8.45 9.01 10.29 2.481 0.383 0.106 
Apparent total tract digestibility, %        
P  71.27ab 68.62b 72.39a 71.78ab 1.028 0.038 0.203 
Ca  68.69b 70.66ab 72.82ab 76.62a 1.747 0.023 0.003 
Mean daily balance of P        
Intake, g/d   10.36 10.36 10.36 10.36 - - - 
Fecal excretion, g/d8  2.82b 3.29a 2.91ab 2.98ab 0.112 0.013 0.787 
Urinary excretion, g/d  3.80 3.71 4.07 3.38 0.645 0.905 0.753 
Total Excretion, g/d  6.62 7.00 6.96 6.36 0.619 0.863 0.760 
Retention, g/d   3.74 3.36 3.40 4.00 0.619 0.863 0.760 
Retention, %   36.06 32.43 32.79 38.61 5.972 0.863 0.760 
Mean Daily Balance of Ca         
Intake, g/d   13.19 13.19 13.19 13.19 - - - 
Fecal excretion, g/d  4.10 3.77 3.64 3.14 0.232 0.053 0.008 
Urinary excretion, g/d8  2.32a 1.49b 1.26b 1.12b 0.163 <0.001 <0.001 
Total excretion, g/d  6.43a 5.26b 4.90bc 4.26c 0.242 <0.001 <0.001 
Retention, g/d   6.76c 7.93b 8.29ab 8.93a 0.242 <0.001 <0.001 
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Table 3.6. continued. 
Retention, %   51.29c 60.10b 62.86ab 67.72a 1.837 <0.001 <0.001 
1Data are least square means; n = 8; actual average BW: 39.7 ± 0.34 kg 
2Diets meet nutrient requirements of grow-finish pigs, including phosphorus, according to NRC (2012) 
3Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK); 1 FTU is the amount of phytase 
required to release 1 µmol of phosphate per minute from 5.1 mmol Na-phytate/L at phytate at pH 5.5 at 37oC (Engelen et al., 
2001). 
4Control treatment 
5TRT = Treatment 
6Linear contrast  
7Calculated by: apparent total tract digestibility of item – apparent ileal digestibility of item 
8Quadratic contrast, P = 0.045 
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Table 3.7. Effect of three levels of super-dosing phytase on the degradation of phytate (IP6), and the presence of lower inositol 
derivatives (IP5-IP3) and free myo-inositol in 40 kg pigs measured at the terminal ileum, Exp. 11,2. 
 Phytase level, FTU/kg3  P-values 
Item 2504 1,000  1,750 2,500 SEM TRT5 LIN6 QUAD7 
Phytate (IP6), µmol/g 19.28a 10.85b 8.10b 6.79b 1.641 <0.001 <0.001 0.041 
IP5, µmol/g 4.28a 1.72b 1.06bc 0.80c 0.233 <0.001 <0.001 <0.001 
IP4, µmol/g 5.33b 8.63a 7.13ab 5.30b 0.758 0.011 0.640 0.003 
IP3, µmol/g 0.83b 1.86a 2.26a 1.82a 0.227 0.002 0.003 0.004 
Myo-inositol, µmol/g 3.20b 5.31ab 9.93a 9.04a 1.187 0.002 <0.001 0.219 
1Data are least square means; n = 8; actual average BW: 39.7 ± 0.34 kg 
2Diets meet nutrient requirements of grow-finish pigs, including phosphorus, according to NRC (2012) 
3Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK); 1 FTU is the amount of phytase 
required to release 1 µmol of phosphate per minute from 5.1 mmol Na-phytate/L at phytate at pH 5.5 at 37oC (Engelen et al., 
2001). 
4Control treatment 
5TRT = Treatment 
6Linear contrast  
7Quadratic contrast  
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Table 3.8. Effect of three levels of super-dosing phytase on the digestibility of DM, GE, starch, and ether extract in 60 kg pigs, 
Exp. 21,2. 
  Phytase level, FTU/kg3  P-values5 
Item  2504 1,000 1,750 2,500 SEM TRT6 LIN7 
Apparent ileal digestibility, %         
DM   76.89 74.38 76.78 76.28 1.218 0.259 0.892 
GE   77.46 75.22 77.28 76.33 1.239 0.414 0.783 
Starch   94.53 92.05 93.40 92.84 1.010 0.135 0.262 
Ether extract   60.68 58.65 60.86 58.53 2.046 0.769 0.654 
Hindgut fermentation8, %        
DM   12.59 14.97 13.53 14.36 1.124 0.312 0.357 
GE   10.92 12.66 11.62 12.57 1.126 0.574 0.397 
Ether extract   20.58 19.19 18.93 18.93 2.728 0.964 0.675 
Apparent total tract digestibility, %        
DM   89.47 89.32 90.31 90.61 0.333 0.0309 0.007 
GE   88.38 87.87 88.90 89.18 0.366 0.068 0.036 
Ether extract   40.10 39.46 42.20 40.05 1.825 0.739 0.750 
1Data are least square means; n = 8; actual average BW: 60.5 ± 0.53 kg 
2Diets meet nutrient requirements of grow-finish pigs, including phosphorus, according to NRC (2012) 
3Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK); 1 FTU is the amount of phytase 
required to release 1 µmol of phosphate per minute from 5.1 mmol Na-phytate/L at phytate at pH 5.5 at 37oC (Engelen et al., 
2001). 
4Control treatment 
5The quadratic contrast was not significant for any of the items, P > 0.10 
6TRT = Treatment 
7Linear contrast  
8Calculated by: apparent total tract digestibility of item – apparent ileal digestibility of item 
9No differences among treatments with Tukey-Kramer adjustment 
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Table 3.9. Effect of three levels of super-dosing phytase on the apparent ileal digestibility of essential and nonessential AA in 
60 kg pigs, Exp. 21,2. 
 Phytase level, FTU/kg3  P-values5 
Item 2504 1,000  1,750 2,500 SEM TRT6 LIN7 
Essential, %        
Arg 90.34 90.25 90.96 90.26 0.517 0.713 0.841 
His 85.55 83.77 86.66 85.33 0.809 0.115 0.552 
Ile 83.69 84.93 85.93 84.57 0.950 0.387 0.392 
Leu 86.13 85.95 86.95 86.08 0.814 0.776 0.810 
Lys 86.72 86.32 87.02 87.22 0.778 0.862 0.539 
Met 87.84 87.80 88.82 87.82 0.785 0.730 0.788 
Phe 84.95 84.38 85.61 85.23 0.727 0.647 0.516 
Thr 78.75 77.61 79.85 78.74 1.046 0.511 0.645 
Val 80.38 79.82 82.65 81.42 0.936 0.163 0.172 
Trp 79.48 79.30 82.37 79.62 1.448 0.217 0.562 
Nonessential, %        
Gly 74.83 71.52 73.66 72.80 1.998 0.624 0.627 
SAA 80.91 79.67 81.77 80.66 1.128 0.621 0.796 
Ala 82.08 81.79 82.60 82.01 1.100 0.955 0.904 
Pro 82.46 83.66 83.05 82.03 2.090 0.901 0.798 
Ser 83.45 82.82 84.39 83.47 0.807 0.544 0.643 
Asp A 84.17 83.41 84.98 84.30 0.818 0.548 0.581 
Tyr 84.77 86.40 86.62 86.71 0.942 0.450 0.172 
Cys 74.02 71.51 74.93 73.57 1.613 0.501 0.780 
Glu A 87.96 86.32 88.49 86.50 0.910 0.274 0.591 
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1Data are least square means; n = 8; actual average BW: 60.5 ± 0.53 kg 
2Diets meet nutrient requirements of grow-finish pigs, including phosphorus, according to NRC (2012) 
3Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK); 1 FTU is the amount of phytase 
required to release 1 µmol of phosphate per minute from 5.1 mmol Na-phytate/L at phytate at pH 5.5 at 37oC (Engelen et al., 
2001). 
4Control treatment 
5The quadratic contrast was not significant for any of the items, P > 0.10 
5TRT = Treatment 
6Linear contrast  
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Table 3.10. Effect of three levels of super-dosing phytase on the digestibility, excretion, and retention of phosphorus (P) and 
calcium (Ca) in 60 kg pigs, Exp. 21,2. 
  Phytase level, FTU/kg3  P-values 
Item  2504 1,000  1,750 2,500 SEM TRT5 LIN6 QUAD7 
Apparent ileal digestibility, %          
P  40.25 20.35 30.26 22.63 5.222 0.046 0.074 0.243 
Ca  68.52 64.43 60.27 68.08 3.891 0.296 0.725 0.096 
Hindgut release8, %         
P   29.37 42.61 34.86 43.33 5.621 0.254 0.183 0.676 
Ca   4.38 6.92 10.24 5.58 2.910 0.360 0.534 0.156 
Apparent total tract digestibility, %         
P  69.62a 65.60ab 67.54ab 65.90b 0.954 0.012 0.024 0.186 
Ca  72.90 71.38 70.51 73.70 2.177 0.727 0.876 0.292 
Mean daily balance of P         
Intake, g/d   11.85 11.85 11.85 11.85 - - - - 
Fecal excretion, g/d 3.68 4.33 3.87 3.98 0.137 0.107 0.115 0.281 
Urine excretion, g/d 4.88 4.96 7.16 4.81 0.893 0.615 0.187 0.112 
Total excretion, g/d  8.56 9.30 11.05 8.80 0.983 0.299 0.573 0.142 
Retention, g/d   3.29 2.55 0.80 3.04 0.983 0.299 0.573 0.142 
Retention, %   27.79 21.51 6.76 25.72 8.298 0.299 0.573 0.142 
Mean daily balance of Ca         
Intake, g/d   14.51 14.51 14.51 14.51 - - - - 
Fecal excretion, g/d 4.23 4.09 3.90 3.91 0.325 0.867 0.437 0.833 
Urine excretion, g/d 2.79a 1.57b 1.01c 1.12bc 0.135 <0.001 <0.001 <0.001 
Total excretion, g/d  7.02a 5.66b 4.93b 5.03b 0.315 <0.001 <0.001 0.029 
Retention, g/d   7.49b 8.85a 9.59a 9.48a 0.315 <0.001 <0.001 0.029 
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Table 3.10. continued. 
Retention, %   51.65b 60.98a 66.12a 65.33a 2.172 <0.001 <0.001 0.029 
1Data are least square means; n = 8; actual average BW: 60.5 ± 0.53 kg 
2Diets meet nutrient requirements of grow-finish pigs, including phosphorus, according to NRC (2012) 
3Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK); 1 FTU is the amount of phytase 
required to release 1 µmol of phosphate per minute from 5.1 mmol Na-phytate/L at phytate at pH 5.5 at 37oC (Engelen et al., 
2001). 
4Control treatment 
5TRT = Treatment 
6Linear contrast  
7Quadratic contrast  
8Calculated by: apparent total tract digestibility of item – apparent ileal digestibility of item 
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Table 3.11. Effect of three levels of super-dosing phytase on the degradation of phytate (IP6), and the presence of lower 
inositol derivatives (IP5-IP3) and free myo-inositol in 60 kg pigs measured at the terminal ileum, Exp. 21,2. 
 Phytase level, FTU/kg3  P-values 
Item 2504 1,000  1,750 2,500 SEM TRT5 LIN6 QUAD7 
Phytate (IP6), µmol/g 18.02a 9.00b 5.43b 4.87b 1.193 <0.001 <0.001 0.002 
IP5, µmol/g 4.84a 1.47b 0.69c 0.51c 0.202 <0.001 <0.001 <0.001 
IP4, µmol/g 6.75ab 9.14a 6.67ab 3.90b 0.817 0.002 0.007 0.005 
IP3, µmol/g 1.12b 2.60a 2.39a 1.52ab 0.273 0.002 0.440 <0.001 
Myo-inositol, µmol/g 2.69c 4.42bc 8.50ab 11.46a 1.767 <0.001 <0.001 0.633 
1Data are least square means; n = 8; actual average BW: 60.5 ± 0.53 kg 
2Diets meet nutrient requirements of grow-finish pigs, including phosphorus, according to NRC (2012) 
3Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK); 1 FTU is the amount of phytase 
required to release 1 µmol of phosphate per minute from 5.1 mmol Na-phytate/L at phytate at pH 5.5 at 37oC (Engelen et al., 
2001). 
4Control treatment 
5TRT = Treatment 
6Linear contrast 
7Quadratic contrast 
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Table 3.12. Effect of three levels of super-dosing phytase on the digestibility of DM, GE, starch, and ether extract in 80 kg 
pigs, Exp. 31,2. 
  Phytase level, FTU/kg3  P-values 
Item  2504 1,000  1,750 2,500 SEM TRT5 LIN6 QUAD7 
Apparent ileal digestibility, %          
DM   77.82 78.57 79.25 74.64 1.091 0.026 0.077 0.020 
GE   78.17 78.92 79.57 74.92 1.178 0.035 0.085 0.026 
Starch   94.76 94.80 95.28 92.92 0.594 0.042 0.068 0.054 
Ether extract   62.48 59.45 64.63 58.65 2.592 0.336 0.592 0.576 
Hindgut fermentation8, %         
DM   12.73 12.09 11.59 15.71 1.243 0.103 0.137 0.066 
GE   11.06 10.32 9.99 13.98 1.324 0.143 0.160 0.082 
Ether extract   23.32 23.35 25.26 24.95 3.216 0.958 0.637 0.958 
Apparent total tract digestibility, %         
DM   90.52 90.65 90.84 90.35 0.508 0.914 0.884 0.549 
GE   89.23 89.22 89.56 88.89 0.576 0.872 0.795 0.574 
Ether extract   39.52 36.09 39.62 33.71 1.934 0.110 0.113 0.526 
1Data are least square means; n = 8; actual average BW: 82.5 ± 0.74 kg 
2Diets meet nutrient requirements of grow-finish pigs, including phosphorus, according to NRC (2012) 
3Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK); 1 FTU is the amount of phytase 
required to release 1 µmol of phosphate per minute from 5.1 mmol Na-phytate/L at phytate at pH 5.5 at 37oC (Engelen et al., 
2001). 
4Control treatment 
5TRT = Treatment 
6Linear contrast 
7Quadratic contrast 
8Calculated by: apparent total tract digestibility of item – apparent ileal digestibility of item 
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Table 3.13. Effect of three levels of super-dosing phytase on the apparent ileal digestibility of essential and nonessential AA in 
80 kg pigs, Exp. 31,2. 
 Phytase level, FTU/kg3  P-values5 
Item 2504 1,000  1,750 2,500 SEM TRT6 LIN7 
Essential, %        
Arg 89.63 89.91 90.07 88.36 0.674 0.217 0.200 
His 85.19 84.55 85.33 82.43 1.008 0.108 0.076 
Ile 84.68 84.84 85.58 82.15 1.056 0.134 0.161 
Leu 86.81 87.37 87.49 84.42 0.971 0.117 0.118 
Lys 85.31 85.95 86.01 83.46 1.189 0.198 0.197 
Met 87.80 88.67 88.71 85.99 0.938 0.167 0.209 
Phe 84.64 85.61 85.86 83.17 0.925 0.163 0.311 
Thr 78.09 79.02 79.23 75.09 1.233 0.092 0.125 
Val 80.66 81.23 81.31 78.04 1.175 0.191 0.152 
Trp 78.55 79.45 80.63 77.24 1.471 0.456 0.704 
Nonessential, %        
Gly 72.79 72.21 72.14 68.50 1.965 0.442 0.161 
SAA 81.93 82.74 82.55 78.81 1.394 0.191 0.139 
Ala 82.42 83.38 83.54 79.94 1.273 0.191 0.214 
Pro 82.83 83.91 83.62 81.04 1.955 0.656 0.463 
Ser 83.11 83.99 84.16 81.02 0.956 0.105 0.167 
Asp A 83.96 84.57 84.82 82.16 0.925 0.192 0.225 
Tyr 86.19 87.16 87.01 83.80 1.154 0.174 0.168 
Cys 76.28 77.06 76.56 71.89 2.036 0.276 0.146 
Glu A 88.31 88.87 88.47 87.56 0.853 0.770 0.500 
1Data are least square means; n = 8; actual average BW: 82.5 ± 0.74 kg 
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2Diets meet nutrient requirements of grow-finish pigs, including phosphorus, according to NRC (2012) 
3Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK); 1 FTU is the amount of phytase 
required to release 1 µmol of phosphate per minute from 5.1 mmol Na-phytate/L at phytate at pH 5.5 at 37oC (Engelen et al., 
2001). 
4Control treatment 
5The quadratic contrast was not significant for any of the items, P > 0.10 
5TRT = Treatment 
6Linear contrast 
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Table 3.14. Effect of three levels of super-dosing phytase on the digestibility, excretion, and retention of phosphorus (P) and 
calcium (Ca) in 80 kg pigs, Exp. 31,2. 
  Phytase level, FTU/kg3  P-values 
Item  2504 1,000  1,750 2,500 SEM TRT5 LIN6 
Apparent ileal digestibility, %         
P  27.91 13.56 21.92 9.63 6.927 0.267 0.147 
Ca  70.28 60.67 62.02 58.63 3.755 0.081 0.027 
Hindgut release7, %        
P   40.65 51.27 39.55 50.39 7.288 0.544 0.596 
Ca   4.56 11.72 9.96 7.04 3.550 0.445 0.696 
Apparent total tract digestibility, %        
P  68.31a 64.83ab 61.47b 60.02b 1.572 0.004 <0.001 
Ca  75.40a 72.74ab 71.98ab 65.86b 2.368 0.050 0.009 
Mean daily balance of P        
Intake, g/d   13.04 13.04 13.04 13.04 - - - 
Fecal excretion, g/d  1.74b 2.01a 2.09a 2.21a 0.057 <0.001 <0.001 
Urine excretion, g/d  7.92 6.34 10.80 7.12 1.307 0.105 0.718 
Total excretion, g/d  9.66 8.35 12.89 9.33 1.313 0.101 0.537 
Retention, g/d   3.38 4.69 0.15 3.71 1.313 0.101 0.537 
Retention, %   25.91 35.95 1.18 28.46 10.07 0.101 0.537 
Mean daily balance of Ca        
Intake, g/d   15.57 15.57 15.57 15.57 - - - 
Fecal excretion, g/d  9.89 10.39 11.92 12.69 0.978 0.162 0.028 
Urine excretion, g/d8  2.90a 1.47b 0.95b 1.10b 0.193 <0.001 <0.001 
Total excretion, g/d  12.79 11.86 12.88 13.78 0.873 0.525 0.299 
Retention, g/d   2.78 3.71 2.69 1.79 0.873 0.525 0.299 
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1Data are least square means; n = 8; actual average BW: 82.5 ± 0.74 kg 
2Diets meet nutrient requirements of grow-finish pigs, including phosphorus, according to NRC (2012) 
3Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK); 1 FTU is the amount of phytase 
required to release 1 µmol of phosphate per minute from 5.1 mmol Na-phytate/L at phytate at pH 5.5 at 37oC (Engelen et al., 
2001). 
4Control treatment 
5TRT = Treatment 
6Linear contrast 
7Calculated by: apparent total tract digestibility of item – apparent ileal digestibility of item 
8Quadratic contrast: P < 0.001 
  
Table 3.14. continued. 
Retention, %   17.86 23.85 17.30 11.47 5.608 0.525 0.299 
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Table 3.15. Effect of three levels of super-dosing phytase on the degradation of phytate (IP6), and the presence of lower 
inositol derivatives (IP5-IP3) and free myo-inositol in 80 kg pigs measured at the terminal ileum, Exp. 31,2. 
 Phytase level, FTU/kg3  P-value 
Item 2504 1,000  1,750 2,500 SEM TRT5 LIN6 QUAD7 
Phytate (IP6), µmol/g 17.96a 7.72b 6.46b 5.20b 1.624 <0.001 <0.001 0.012 
IP5, µmol/g 3.84a 1.14b 0.81b 0.52b 0.300 <0.001 <0.001 0.001 
IP4, µmol/g 5.30ab 7.37a 6.18ab 3.50b 1.012 0.049 0.119 0.016 
IP3, µmol/g 0.95b 2.56a 2.33a 1.45b 0.278 <0.001 0.193 <0.001 
Myo-inositol, µmol/g 1.56b 4.31a 5.12a 6.12a 1.016 <0.001 <0.001 0.178 
1Data are least square means; n = 8; actual average BW: 82.5 ± 0.74 kg 
2Diets meet nutrient requirements of grow-finish pigs, including phosphorus, according to NRC (2012) 
3Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK); 1 FTU is the amount of phytase         
required to release 1 µmol of phosphate per minute from 5.1 mmol Na-phytate/L at phytate at pH 5.5 at 37oC (Engelen et al., 
2001). 
4Control treatment 
5TRT = Treatment 
6Linear contrast 
7Quadratic contrast
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CHAPTER IV 
SUMMARY AND CONCLUSIONS 
Phytase has become a standard ingredient in swine diets due to the rising cost of 
inorganic P. Phytase breaks down phytate in cereal grains used in swine diets, making the 
phytate-bound P available for pigs. This allows the producers to feed less inorganic P to 
while still meeting the pig’s P requirement (Selle and Ravindran, 2008). Recently, 
attention has been given to the possibility of phytase improving growth performance 
when fed at super-dosed levels (> 750 FTU phytase/kg) for reasons separate from P 
release. Improved nutrient utilization has been often cited as the basis for such growth 
improvements (Cowieson et al., 2011). However, results regarding improved growth and 
nutrient utilization with super-dosed phytase have been inconsistent; Zeng et al. (2014) 
observed improved digestibility of some nutrients and improved feed efficiency with 
super-dosed phytase, whereas Cervantes et al. (2010) and Flohr et al. (2014) did not. The 
inconsistency in the results is a consequence of not understanding the mechanism of how 
super-dosing phytase is impacting pig growth and efficiency. Once the mechanism is 
established, an improvement in growth performance will be consistently achievable. 
Therefore, this thesis was designed to determine the effect of super-dosing phytase in 
nursery and grow-finish pigs in diets not limiting in P (chapter 2) and to determine if 
super-dosing phytase is improving energy and nutrient utilization as a mechanism for 
previously seen growth performance improvements (chapter 3). 
In chapter 2, we established that super-dosing phytase will improve feed and feed 
energy efficiency in pigs, but this improvement will be greater in magnitude for nursery 
pigs than grow-finish pigs. Additionally, we demonstrated that the growth improvements 
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observed in a grow-finish pig will be greatest when considered on a carcass basis. We 
also reported, that super-dosing phytase will improve nursery pig gain, and feed and feed 
energy efficiency regardless of diet adequacy. As previously mentioned, improved 
nutrient utilization has been cited as the basis for growth performance improvements 
observed with super-dosing phytase. However, given the outcome of Exp. 1 in chapter 2, 
where nursery pigs fed super-dosed levels of phytase had improved feed efficiency and 
daily gain regardless of diet, suggests that nutrient utilization may not be the mode of 
action.  
This suggestion would have been further supported in Exp. 2 of chapter 2 if we 
had been able to apply super-dosed phytase to the positive control, in addition to the 
negative control basal diet. This would have be an additional cost, and we would have 
sacrificed some of our statistical power, depending on the number of additional 
treatments we would have included. Even so, in hindsight it would have been helpful to 
have added an additional treatment(s) as it would have demonstrated whether the 
improved carcass performance observed in the grow-finish pig is achievable regardless of 
nutrient balance, similar to the outcome of the nursery pig study (Exp. 1, chapter 2).  
 In chapter 3, we determined the effect of super-dosed phytase on the digestion of 
nutrients and the catabolism of phytate. We observed that super-dosing phytase does not 
result in an improvement in the digestibility of energy or amino acids. Super-dosed 
phytase did increase the breakdown of phytate and IP5, leading to an increase in the 
concentration of IP4, IP3, and myo-inositol. Interestingly, the increase in phytate 
catabolism was not reflected by an improvement in P digestibility nor an increase in P 
excretion, indicating that the additional P released was not absorbed. This was not 
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expected as P is regulated more through renal action rather than the intestinal level 
(Gutierrez et al., 2015). As such our data indicate that additional research concerning the 
absorption of P from the small intestine when super-dosing phytase is warranted, to 
understand why the additional P is not being absorbed. 
 The outcome from chapter 3 provides further support for the suggestion that 
growth performance improvements from super-dosing phytase may not be related to 
improved nutrient and energy utilization, which we established in chapter 2. Additionally, 
in combination with some limited research, chapter 3 suggests that the growth 
improvements may be a result of improved availability of lower inositol derivatives and 
myo-inositol. Cowieson et al. (2013) demonstrated that supplementing broilers with myo-
inositol increases feed efficiency and body weight gain, lending support to the 
supposition that myo-inositol has the potential to improve growth performance.  
 Myo-inositol is structurally fundamental to the phosphoinositide family of lipids, 
which are located in different membranes within the body. Phosphoinositides are used as 
a source of different lower derivative inositols that are involved intra-cellular signaling of 
Ca and insulin secondary messaging (Fisher et al., 2002; Raboy, 2003; Croze and 
Soulage, 2013). Thus, it is possible that super-dosing phytase is leading to an increased 
availability of lower derivative inositols and myo-inositol, minimizing the need to 
synthesize them, and sparing the energy previously used in synthesis and directing it 
towards growth. This is strictly speculation, but provides a direction of further research, 
which should focus whether myo-inositol has the potential to be absorbed from the pig 
small intestine and the mechanism of the absorption. Once myo-inositol transportation 
from the small intestine is established, it should be determined how dietary myo-inositol 
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is utilized systemically, as well as the role that super-dosing phytase may play in myo-
inositol availability. 
 In conclusion, super-dosing phytase improves pig feed and feed energy efficiency, 
and this improvement is unlikely related to improved nutrient or energy digestibility. 
Rather, it may be a result of improved phytate catabolism, including the release of myo-
inositol and other lower derivative inositols. However, research concerning the impact of 
myo-inositol on pig feed efficiency is limited, presenting a challenge in drawing 
conclusions but providing a focus for future research regarding super-dosing phytase. 
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